Draft version September 22, 2010 

Preprint typeset using L£-T^X style cmulatcapj v. 03/07/07 



STAR FORMATION HISTORIES IN A CLUSTER ENVIRONMENT AT Z ~ 0.84 

R. Demarco 1,2 , R. Gobat 3 , P. Rosati 4 , C. Lidman 5 , A. Rettura 6 , M. Nonino 7 , A. van der Wel 8 , M. J. Jee 9 , 

J. P. Blakeslee 10 , H. C. Ford 2 , M. Postman 11 

Draft version September 22, 2010 

ABSTRACT 

We present a spectre-photometric analysis of galaxies belonging to the dynamically young, massive 
cluster RX J0152. 7-1357 at z ~ 0.84, aimed at understanding the effects of the cluster environment on 
the star formation history (SFH) of cluster galaxies and the assembly of the red-sequence (RS). We 
use VLT/FORS spectroscopy, ACS/WFC optical and NTT/Sofl near-IR data to characterize SFHs as 
a function of color, luminosity, morphology, stellar mass, and local environment from a sample of 134 
spectroscopic members. In order to increase the signal-to-noise, individual galaxy spectra are stacked 
according to these properties. Moreover, the D4000, Balmer, CN3883, Fe4383 and C4668 indices are 
also quantified. The SFH analysis shows that galaxies in the blue faint-end of the RS have on average 
younger stars (At ~ 2 Gyr) than those in the red bright-end. We also found, for a given luminosity 
range, differences in age (At ~ 0.5 — 1.3 Gyr) as a function of color, indicating that the intrinsic 
scatter of the RS may be due to age variations. Passive galaxies in the blue faint-end of the RS are 
preferentially located in the low density areas of the cluster, likely being objects entering the RS from 
the "blue cloud" . It is likely that the quenching of the star formation of these RS galaxies is due to 
interaction with the intracluster medium. Furthermore, the SFH of galaxies in the RS as a function 
of stellar mass reveals signatures of "downsizing" in the overall cluster. 

Subject headings: galaxies: clusters: general — galaxies: clusters: individual (RX J0152. 7-1357) — 
galaxies: evolution — galaxies: formation 



1. INTRODUCTION 

There is no doubt that galaxy evolution is influenced 
by the local environment. The observed properties of 
galaxies (color, magnitude, morphology, metallicity) are 
associated with their local neighborhood. The latter is 
usually characterized in terms of the local number den- 
sity of galaxies. 

One of the most prominent connections between galaxy 
propertie s and environm ent is the morphology-density 
relation ([Dresslerl [1980) , by which early-type galaxies 
dominate high-density environments in contrast to late- 
type galaxies that dominate low-density ones. This rela- 
tion has been quantified up to z ~ 1, showing different 
evolutionary patterns depending on whe ther the galaxy 
samp l e is selected based on luminosity dPostman et al. | 
120051: ISmith et all 120051) or stellar mass (jHolden et al.l 
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[20071: Ivan der Wel et al.ll200l 

For mass selected samples, Ivan der Wel et all J2007|) 
show that galaxies have to evolve in mass, morphology, 
and density such that the morphology-density relation 
does not change since at least z ~ 0.8. In the case 
of luminosity-selected sampl es, the morphology-d ensity 
relation observed at z ~ 1 dPostman et al.1120 05') is re- 
ported to hold up to z ~ 1.46 (|Hilton et al.ll2009h . 

Since early-type galaxies are among the reddest ob- 
jects in any given sample at a given epoch and contain 
the bulk of the stellar mass in the Universe, the above 
morphology-density relation can be translated into two 
other relations: color-density and stellar mass-density. 
In particular, the color-density relation, characterized by 
the tendency of red galaxies (mostly early-type ones) to 
be found in the core of clusters, can be used as a tool to 
identify high-redshift clusters. It takes advantage of one 
of the most distinctive features in the color-magnitude 
diagram of a cluster: the so-called red-sequence (RS; 
Ide Vaucouleurslll96l[ IVisvanathan fc Sandagdll977f ). 

This RS, however, is not exclusive of clusters as it is 
also found in the field. In fact, some of the observed 
properties of the RS such as its color scatter and lu- 
minosity coverage vary, at a given red shift, with local 
galaxy density (e.g.. lTanaka et ai1l2005l ). This highlights 
the influence that the local environment has on galaxy 
properties such as colors. 

It has been observed that the RS of clusters has a 
small scatter in color and a slope which do not seem 
to evolve over ~ 9 Gy r of cosmic time since z ~ 1.4 (e.g., 
Stanford et all I199& iBlakeslee et all l2003bb iMei et al.1 
2006bt iLidman et al.l l2008t) . This lack of evolution was 
shown to be better explained by a RS being primar- 
ily a color-metallicity relation instead of a color-age one 
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(|Kodama &: Arimotolll997t ). However, more recent evi- 
dence gathered from local samples of galaxies shows that 
variations of stellar age along the red-sequence are also 
present (e.g., iGallazzi et ail 120061: iBernardi et al1l2006l) 
in addition to variations in metallicity, with some of the 
intrinsic color scatter of the r ed-sequence bein g due to 
stellar age differences (see also lTran et al J 120071) . 

A common procedure is to use the spectral energy 
distribution (SED) fitting technique to estimate ages 
and f ormation redshifts for cluster galaxies in the RS 
(e.g.. iBlakeslee et alJ [2003bt iLidman et all 12004 120081: 
Blakeslee et all l200ajMei et all l2006al )bl: IGobat et all 
20081 : iRettura et all l2010t ) . This procedure allow us to 
constrain the epoch and mode of formation of mas- 
sive early-type galaxies. When spectroscopic data al- 
low it, spectral indices are also measured to constrain 
the properties and evolution of cluster galaxies (e.g., 
J0rgensen et~aTl 120051: iTran et all 120071 : iBraglia et all 



2009). 



At z = 1.2, IGobat et all (|2008l ) find that the bulk of 
the stars in cluster early-type galaxies is formed ~ 0.5 
Gyr earlier than that in field early- type galaxies, and 
RS galaxies were already in place ~ 1 Gyr earlier. Al- 
though the most massive (in stellar content) early-type 
galaxies do not show such an age difference with envi- 
ronment, this age divergence is most noticeable at stel- 
lar mBSses_^_10^} M^. A similar conclusion was reached 
bv lRettura et all ((2010), who show that the environment 
regulates the timescale associated with the SFHs of early- 
type galaxies, with a fraction of field system having a 
more extended period of stellar mass assembly. 

Brag lia et al.l (|2009l ) find that the SFHs of galaxies in 
two clusters at z ~ 0.3 depend on local environment 
which is also related to the cluster dynamical state. In 
addition to the expected gradient of star formation with 
clustercentric distance, both luminous (L > L*) and sub- 
luminous members contribute to a sharp increase of the 
star formation activity along filaments connected to the 
dynamically young, merging system. The more relaxed 
cluster, on the other hand, is mostly dominated by red, 
passive galaxies or galaxies whose star formation is being 
quenched. 

The novel procedure used by IGobat et all (|2008f) to 
determine the SFH of cluster galaxies combines both 
the SED fitting technique and, simultaneously, a fit to 
the spectroscopic features (pseudo-continuum and ab- 
sorption) of a galaxy spectrum. The SED covers a wide 
range of wavelengths and provides information on mass 
and current SFH while the spectrum, although on a 
much more limited wavelength range, allows one to de- 
termine the age of the stellar population of a galaxy with 
greater precision. The combination of photometry and 
spectroscopy therefore puts stronger constraints on the 
SFH than either alone. This approach can also be com- 
plemented by determining some relevant spectral indices 
available at the observed wavelength r ange. 

Th e galaxy cluster RX J0152.7-1357 (jDella Ceca et all 
2000) at z ~ 0.84, with its dynamically young and com- 
plex structure, represents and ideal laboratory to study 
the relation between galaxy SFH and environment. Here 
we apply the above spectrophotometric fitting technique 
to the spectroscopically confirmed population of cluster 
members. Our goal is to deepen our understanding of 
how galaxy evolution is driven by environmental pro- 



cesses and, in particular, to better constrain and under- 
stand the physical mechanisms that contribute to form 
the RS and set its observed properties. 

RX J0152. 7-1357 is one of the most distant X-ray lu- 
minous clus ters discovered in the ROSAT Deep Clus- 
ter Survey (jRosati et all 119981 ) . It is observed at an 
epoch of greater cosmic activity in terms of st ellar mass 
buildup in galaxies (e.g.. iDohertv et all [20061 with the 
cluster it self being assembled by the merging of two sub- 
clusters (|Demarco et al.l 120051 : iGirardi et all 120051 ) and 
by the accretion of groups from surrounding filaments 
(jTanaka et al.ll2006l ). 

To date, RX J0152. 7-1357 has been the subject of a 
number of studies: IC M structure and X-ray properties 
dMaughan et al.l 120 03), RS properties (Blakesle e et all 
120061 : iPatel" et all 120091) . cluste r dynamics and sub - 
structure (jDemarco et all 120051: IGirardi et al.l 120051 ). 
star-forming members jlHomeier et all 20051) . Sunvaev- 
Zel'dovich prop erties (jJoy et al.l 120*01 ). weak lensing 
mass structure (I Jee et al.l 120051) . phys ical properties of 
galaxy membe rs (iJprgensen et alll2005l) , infrared sources 
in the cluster dMarcill ac et all 20071) . and larg e-scale fil- 
aments associated with it ( Tanaka et al.l [2006). It is one 
of the cl usters in the ACS intermediate-redshift cluster 
program (|Ford et alll2"00l with one of the most compre- 
hensive datasets, from X-ray to infrared. 

We improve over previous studies of this cluster by con- 
sidering, simultaneously, a large enough (~ 130) number 
of spectroscopic members with high enough (< 15 A) 
spectral resolution data and 5-band photometry (from 
optical to near- infrared) . In addition, we characterize the 
local environment by the relative, projected dark mat- 
ter density instead of the local projected number density 
of galaxies. We estimate SFHs and spectral indices as 
a function of color-magnitude, morphology, stellar mass 
and location within the cluster, which allows us to es- 
tablish a comprehensive view of galaxy properties and 
their connection with the environment. In contrast to 
other works at this redshift, given the available number 
of members in the RS, we divide this one into a grid in 
color- magnitude space where the average SFH of galaxies 
can be studied at different colors and magnitudes. This 
approach is aimed at providing a deeper insight into RS 
variations in order to unveil the physics responsible of its 
observed properties such as its intrinsic scatter. 

The present work is structured in the following way. In 
$2] we describe the observations and the dataset used in 
our analyses. In ij3]we focus on the technical details of 
this investigation, such as the definition of regions in the 
hyperspace of galaxy properties considered for this inves- 
tigation, the available spectra, the spectrophotometric 
fitting procedure used to characterize the average SFH 
within those regions, and the spectral indices used to 
complement such SFH characterization. In |j4]we present 
the results of our analyses followed, in $5] by a discussion 
focused on the formation of the RS in the cluster. We 
finally summarize our main conclusions in Sj6] 

Throughout the paper, unless explicitly indicated, we 
assume a ACDM cosmology with Hq = 70 km s _1 



Mpc"\ Q M = 0.3 and ft/ 



0.7. 



2. OBSERVATIONS 

RX J0152. 7-1357 has been observed with a number of 
instruments from the ground and space. In this work 
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we have used optical and near-IR imaging data obtained 
with HST/ACS and NTT/SofT, respectively, and op- 
tical spectroscopy obtained with VLT/FORS. Descrip- 
tions of these observations and d ata reductions can be 
found in the existin g literature (jDemarco et al.l 120051 : 
iBlakeslee et al.1 l2006f ) . hence, we only provide a short 
summary of them below. 



2.1. Imaging and photometry 
As reported in IBlakeslee et "ail (12006ft RX J0152.7- 



1357 was observed with ACS (iFord et al. Ill998ft on HST 
in three bands: F625W, F775W and F850LP, hereafter 
referred to as ^625, «775 and zsso, respectively. The clus- 
ter was imaged using a 2 x 2 overlapping pattern, pro- 
ducing a mosaic of about 5. '8 on a side with a central 
overlapping region of about 1'. Each pointing was ob- 
served for two orbits per filter, giving a total orbit ex- 
penditure of 24 orbits. The images were processed and 
the final mosaic produced usin g the ACS GTO Apsis 
pipeline fB lakcslec et al.ll2003 a). For more details, see 
IBlakeslee et all (|2006l ). 

The near-IR data were obtained with Sofl 
dMoorwood et all fl998h on the ESO NTT (see 
iDemarco et all 120051) . The cluster was imaged in 
the J and K s bands under sub-arcsecond seeing for 3.8 
and 3 hours, respectively. The final images cover a 
region of 4.'9 on a side and were reduced in a standard 
manner. 

In order to use the ACS and Sofl data in a consistent 
way, we produced a new multi-b and photometri c cata - 
log, differe nt from those used in Demarco et all (2005) 
(Sofl) and IBlakeslee et all (|2006|) (ACS). Photometry 
from the ACS data was obtained in dual mode using 
the AC S Z850 image for detect ions. By running SEx- 
tractor (|Bertin fc Arnoutslll996l) on the ACS mosaic, 41 
point sources were selected to derive aperture correc- 
tions. Magnitudes (in the AB system; IOkdll974l ) within 
radii of 0'.'75 and 2'.'0 were compared, resulting in differ- 
ences of 0.039 for both the r^25 and 1775 bands and 0.046 
for the ^850 filter. Zero points (in AB magnitudes) for 
the T625-, «775- and zsscrband data are 36.542, 36.321 and 
35.520, respectively. 

The near-IR J and K s images were registered onto the 
ACS ones, with residuals of less than 1 pixel for both J 
and K s . The same point sources were used to derive cor- 
rections between apertures of 1" and 5" in radius. These 
corrections are 0.254 and 0.239 for J and K s , respectively . 
Additionally, extinction corrections (jSchlegel et allfl998| ) 
of 0.014 in J and 0.009 in K were applied, resulting in a 
total correction for the 1" radius aperture of 0.268 in J 
and 0.248 in K s . Zero points (in the AB system) in J and 
K s are 27.260 and 26.745, respectively. Hereafter, unless 
otherwise indicated, magnitudes are in the AB system. 
To transform the near-IR photometry from the Vega sys- 
tem to AB magnitudes, we used corrections of 0.960 and 
1.895 for the J and K s bands. 

For completeness, we note that flanking fields sur- 
rounding the central r§25, 2775 and Z850 mosaic were ob- 
tained with ACS in F606W (broad V) and F814W (broad 
I), however, we did no attempt to use those data in this 
work because of their shallower integration, reduced pho- 
tometric coverage, and lack of overlap with the existing 
near-IR data. 



2.2. Spectroscopy 

RX J0152. 7-1357 and its outskirts have been 
subject of a number of e xtensive spectroscopic 
surveys (IDemarco et all 120051 Ucirgensen et all 120051 : 
ITanaka et all 120061: IPatel et all I2009D. While the sur- 
vev by iTanaka et all (|2006l) concentrated on the large- 
scale structures surrounding the main cluster, only 
8 members in J0rgensen's survey were not included 
in Demarco's work. In the present study, we use 
the spectra of the 1 02 cluster members confirmed by 
IDemarco et all (|2005l ). complemented with the spectra 
of 32 ne w cluster members obtained fro m subsequent 
FORS2 (|Appenzeller fc Rupprecht I I1992T ) spectroscopy 
on the ESO V1T. These 134 sources ar e listed in table 
[1] IDs are in the same system of those in IDemarco et all 
(2005), and the last column corresponds to their emis- 
sion line flag: a value of is given to passive galaxies, a 
value of 1 is given to emission line galaxies, and a value 
of 2 is given to AGN. 

The new 32 spectroscopic members were obtained after 
targeting clusters candidates with 4 multi-object masks, 
using the Mask Exchange Unit (MXU) on FORS2, and 
exposing each of them until reaching integration times 
between 3 and 4 hours. The data were collected be- 
tween November 4th and November 7th, 2005, in Vis- 
itor Mode (ESO program ID 076.A-0889(A)) under an 
average seeing of ~ 0'.'9. A total of 152 galaxies were 
observed with slits of 1" in width using the 300V grism. 
The data were binned by 2 pixels which resulted in a 
dispersion of ~ 3. 3 A/pixel and a spectral resolution of 
~ 13A. One mask was observed using no order-separation 
filter while the other three masks were exposed using the 
GG375+80 filter. Although these observations were de- 
signed to target gravitational arc candidates, the new 
members resulted from putting the slits on fillers that 
were likely cluster members ba sed on their photome tric 
redshift (0.7 < z phot < 0.95; see IDemarco et alj|2005l) . 

The observations were prepared and the data reduced 
in a similar way an d using the same ded icated soft- 
ware as described in IDemarco et all (12005H Redshifts 
were obtained by cross-correlating (|Tonrv fc Davislll979l : 
iKurtz et all 119921 ) t he observed spectra with template 
galaxy spectra from iKinney et all (|1996l ). Out of 113 
redshifts, 32 were securely confirmed within the range 
defining cluster mem bership (0.81 < z < 0.87; see 
IDemarco et all I2005T ). Observational errors (obtained 
from observing several sources more than once) are 
of the same order o f mag nitude as those reported in 
IDemarco et all (|2005l 120071 ). i.e., 5z ~ 8 - 12 x 10~ 4 ~ 
10" 3 . 

3. ANALYSIS 

In an effort to better understand how galaxy proper- 
ties, such as age and stellar mass, contribute to estab- 
lishing the observed characteristics of the RS, we focus 
the present analysis on the star formation history (SFH) 
of cluster galaxies in the RS. As the luminosity coverage 
and scatter of the RS are observ ed to vary between clus- 
ter and field environment fe.g.. ITanaka et alll2005|) . we 
also investigate the impact that the intracluster environ- 
ment may have on the above SFHs. 

Traditionally, SFHs are determined by fitting syn- 
thetic galaxy spectra to the available photometry (e.g., 
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iRettura et al.| [2006. 201(3), however, in the present anal- 
ysis, we additionally perform a si multaneous fit to th e 
available spectra as performed by iGobat et al.l ([2008). 
In order to increase signal-to- noise (S/N) for the spec- 
trophotometric fitting, galaxy spectra are co-added as 
explained in i i3.ll Before stacking, galaxy spectra are 
grouped according to color, magnitude, location within 
a given subcluster and with respect to the projected DM 
distribution, stellar mass, and visual morphology. All 
these grouping regions are denned in M3.2I and the details 
of the spectrophotomctric fitting procedure are given in 

3.1. Co-added spectra 

The individual spectra of the 134 cluster members of 
RX J0152. 7-1357 used in the present analysis have S/N 
ratios in the range 1 to 33 with a mean value of 7.6. 
The S/N ratios were obtained from the ratio between 
the mean flux and the r.m.s. flux calculated within the 
wavelength inter vals denning the continuum w indows for 
the RS A feature (jWorthev fc Ottavianilll997D Sinc e the 
rcdshift survey presented in iDemarco et all ([2005P ) was 
designed to mainly provide redshifts, the quality of the 
individual spectra is not good enough to perform a mean- 
ingful fit to the different spectral features sensitive to the 
SFH. Therefore, in order to increase the S/N ratio to ob- 
tain a satisfactory SFH characterization, we decided to 
use average spectra obtained from co-adding individual 
spectra that were grouped according to various criteria 
(see gSU). 

This stacking technique has already been success- 
fully used in previous studies about the stellar popu- 
lations in cluster ga laxies at intermediate-redshift (e.g., 
iDressler et al.ll2004D. and the a l gorith m e mployed here 
is the same as in IDemarco et all (|2007|) and IGobat et al.l 
(2008). The individual spectra can be weighted by their 
S/N, and only those with a S/N > 3 were selected for 
stacking. The S/N ratios of the final, co-added spectra 
vary between ~6 and ~42 for the unweighted stacking, 
and between ~6 and ^62 for the weighted stacking. 

3.2. Grouping cluster members 

SFHs are determined from co-added spectra grouped 
according to relevant observables. In this work we study 
their dependence on galaxy color and magnitude, pro- 
jected angular distribution, visual morphology, stellar 
mass, and projected DM density. These observables can 
be considered as forming an hyperspace in which galaxies 
are located. The regions within this hyperspace used for 
stacking spectra are defined in what follows and table [2] 
summarizes all these definitions. 

3.2.1. Galaxy colors and luminosities 

Since we are interested in understanding the physi- 
cal origin of the scatter of the RS in clusters, and ul- 
timately the details of the color-luminosity evolution of 
cluster galaxies into the RS, we need first to separate 
cluster members into blue and red galaxies. We follow 
the traditional way of using two filters that straddle the 
4000A-break at the cluster redshift to achieve this. Fig. 
[T] shows a simple stellar population (SSP), 12 Gyr old, 
solar metallicity spectral energy distribut ion from the 
Bruzual-Charlot ([Bruzual k Chariot! f20Q3h library, red- 
shifted to the cluster redshift (z = 0.837; IDemarco et al.l 



2005). On top of it, our choice of filters (r^ and K s ) 
to straddle the 4000A-break is laid out, which allows 
us to separate in an efficient way red (e arly-type) from 
blue ( late-type) galaxies. In contrast to Blakcslce et al.l 
(2006), we prefer to use the K s -band as a the "red" filter 
because of its ability to trace the rest-frame near-IR light 
coming from the bulk of the stellar content of galaxies at 
z ~ 0.8, unaffected by biases due to recent star formation 
dStanford et al.lll998f ). 

Fig. [2] shows the Color-Magnitude Diagram (CMD) of 
RX J0152. 7-13 57 (for a detailed anal ysis of the CMD of 
this cluster, see Blakcsl ee et al.ll2006f ). Red circles corre- 
spond to passive (no detectable emission features) clus- 
ter members, black triangles correspond to star-forming 
(with detectable [Oil]) members, and the two blue 
squar es are the confirmed AGN members ([Demarco et al.l 
2005). The black dots are sources within the ACS mo- 
saic for which photometric information is available, and 
the cross at the lower-left of the plot indicates typical er- 
ror bars in magnitude and color. The horizontal dashed 
line has arbitrarily been set at r§25 — K s = 2.3 to sepa- 
rate blue from red galaxies. We consider galaxies with a 
^625 — K s > 2.3 color as belonging to the cluster RS. 

In order to better explore SFH variations as a function 
of color and magnitude within the RS, we have subdi- 
vided the latter into a number of regions 12 . A first sub- 
division is defined, consisting of three bins in K s mag- 
nitude, 1/BRS, 2/MRS and 3/FRS, as defined in tabic 
[2j In addition, a second and finer subdivision, both in 
color and magnitude, is established, as shown in Fig. 
[21 The vertical dashed line has arbitrarily been set at 
K s = 20.75 in order to divide the RS into "bright" 
and "faint" bins. For comparis on, K* ~ 19.7 (AB) at 
z ~ 0.84 (see lEllis fc Jonesll2004l ). therefore, this separa- 
tion corresponds to ~ K* + 1. 

The locus of the RS in Fig. [2] is obtained by a lin- 
ear least-squares fit to the data in color-magnitude space 
with r 625 - K s > 2.3 and 18 < K s < 24. This fit to the 
RS (r 625 -K s = (-0.219±0.001)x # s + (7.751 ±0.026)), 
indicated by the solid black line, is used to define the 
"blue", "green" and "red" areas parallel to it in color- 
magnitude space, further separated into 3 bright (re- 
gions 4/BBRS, 5/BGRS and 6/BRRS, respectively) and 
3 faint (regions 7/FBRS, 8/FGRS and 9/FRRS, respec- 
tively) bins (see table [5] for their definitions). 

Only passive galaxies (red circles) within these 9 re- 
gions were considered for stacking, because of our inter- 
est in focusing on the quiescent, early- type galaxy pop- 
ulation. In general red, s tar-forming sources are dust- 
enshr ouded systems (e.g., ISmail et al.l 119991 : IWolf et all 
l2005h . However, we note that a few of the apparently 
passive, RS galaxies could in fact be star-forming sys- 
tems with the [Oil] f eature totally supp ressed by a large 
amount of dust (e.g.. lSmail et al.lll999| ). 

The above color separation for galaxies in the RS does 
not follow the slope of the fit to the RS. Selecting galaxies 
following this slope would tend to include more galaxies 
into the blue faint-end of the RS that may belong to the 

12 Throughout the text we use the pair N/Acronym to identify 
the different stacking regions. N corresponds to the region ID listed 
in the first column of table [2] and the Acronym is given in the 
comment column of the same table. The goal of this is to make 
figures easier to read while giving a physical meaning to the IDs at 
the same time. 
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so-called "green valley" or to the "blue cloud" . Since we 
are interested in passive galaxies in the RS, the flat color 
separation we have adopted produces no different result 
from a slope-driven color separation. 

We have 76 spectra corresponding to non [Oil] emis- 
sion line galaxies in the RS available for our analyses. 
In order to have a reasonable number of sources to be 
co-added, we set the width of the two (bright and faint) 
central regions (green hatched areas) of the finer parti- 
tion to be 0.2 mag in r 62 5— Ks (±0.1 in ^25 — Ks from the 
fit), which is about 1.1 times the observed r.m.s. color 
scatter. 

3.2.2. Projected angular distribution 

To investigate the relation between stellar content and 
local environment, we study the SFH of cluster galax- 
ies as a function of angular distribution on the sky. 
Due to the complex matter (D M, gas and galaxies') 
distribution of RX J0152.7 -1357 (iMaughan et all 12003 



iDemarco et~alll2005t[jee et al.l2005tlGirardi et al.ll2005j ). 
it is very difficult to determine the center of the cluster. 
Instead of stacking galaxies in concentric rings with a 
common center, we try the following app roach that con- 
sider s the known main s ubclusters (see IDemarco et al.l 
2005; iGirardi et aTll2005ft . 

We separate the cluster field of view (FoV) in 
two halves at a fiducial center (R.A.= 01ft.52m41.80s, 
DEC.=-13°57"52"5) located at the mid-point between 
the centers of the norther n and southern clumps defined 
by IDemarco et al.l (|2005| ). as indicated by the dashed, 
horizontal line in Fig. [3l We then consider concentric 
(semi-)annuli or radial sectors centered at each clump, 
however, truncated at the separation half-way between 
them (solid contours in Fig. [3]). Areas or sectors asso- 
ciated with the northern clump (20/NO through 22/N2) 
are labeled as "North", while those associated with the 
southern clump (23/SO through 25/S2) are labeled as 
"South" . In table [2] we give the corresponding defini- 
tions of the above regio ns. The center of each clump or 
subcluster is taken from IDemarco et al.l (|2005l ). 

All galaxies, passive and those showing emission lines, 
were considered for stacking within these regions. We 
only excluded the known AGN members. 

3.2.3. Galaxy morphology 

We use the morp hological classification given by 
iPostman et all (|2005l ) for galaxies in RX J0152.7-1357. 
The morphological T- types used by Postman and collab- 
orators are those defined in lde Vaucouleurs et al.l (|1976h . 
T values ranging from -5 to -3 correspond to Elliptical 
(E) galaxies, while a value of -2 corresponds to SO galax- 
ies. Values between -1 and 1 are assigned to morpholo- 
gies between SO and Sa, with values > 1 given to later 
type spiral (Sp) galaxies. Type 6 is associated with a Sd 
morphology, while irregular (Irr) galaxies have T values 
in the range 6 < T < 9. Taking all this under con- 
sideration, we established 4 groups in morphology space 
as defined in table [2j Namely, group 10/E contains el- 
liptical galaxies (T < —2); group ll/(S0/Sa), lenticular 
galaxies (—2 > T > — 1); group 12/Sp, spiral galax- 
ies (1 < T < 6); and group 13/Irr, irregular galaxies 
(T > 6). 

3.2.4. Stellar mass 



In addition to morphology, we also grouped galax- 
ies based on their stellar mass content. The work by 
iHolden et al.1 (2007) provides stellar mass estimates for 
cluster galaxies in RX J0152. 7-1357 based on the mass- 
to-light, M/Lb, rat io and rest- frame (B — V) color linear 
relation derived by [BefletaD (llQOl). Those masses, m 
despite of being based on a single color, are proven to 
be consistent with other estimates as shown by a com- 
parison with dyna mical measurements for some of the 
same galaxies (see IHolden et al.1 ()2007l ) , and references 
therein) . 

However, in the analyses shown here, we decided to 
reco mpute stellar masses by using a SED fitting proce- 
dure (|Rettura et al.|[2006]) including all the 5 bands avail- 
able (see 32.1[) . This information allowed us to establish 
3 bins in stellar mass (14/RSHM through 16/RSLM) 
as defined in table [21 Stellar masses span the range 
4.8 x 10 9 < M* < 3.9 x 10 11 M 0! and the mass interval 
for each bin has been adjusted in order to have roughly 
the same number of spectra to co-add per bin. A more 
detailed explanation about the way these stellar masses 
were obtained is presented in 33.41 In order to study SFH 
variations with stellar mass for the same sample of RS 
galaxies in §3.2. 1[ we also restrict ourselves to quiescent, 
RS galaxies, i.e., those with colors 2.3 < (r 62 5— K s ) < 4.5 
and no visible emission line features. 

3.2.5. Local dark matter density 

RX J0152. 7-1357 has been the s ubjec t of a detailed 
weak lensing analysis by I Jee et al.l ((2005) . By using the 
available ^25, 1775 and z§5o ACS d ata together with pho- 
tometric and spectroscopic (from IDemarco et al.l I2005D 
rcdshifts, they are able to measure the shear signal of 
the cluster and reconstruct its dimensionless mass den- 
sity, k. The smoothing scale of the map is ~ 20", while 
its accuracy is about 20%. 

As an alternative way of characterizing the cluster en- 
vironment to that presented in 33.2.21 here we use the 
k map from iJee et all (|2005f ) to identify environments 
of different projected mass density in the ACS FoV of 
RX J0152. 7-1357. Because of the so-called sheet-mass 
degeneracy, i.e., the invariance of the shear under trans- 
formations of the kind k — > Xk + (1 — A), we use this k 
map in a relative sense, only, during the interpretation 
of the results. 

We thus arbitrarily define 3 different environments 
based on their local, projected (total) mass density, as 
shown in Fig. [4] The first of them is characterized by 
mass densities > 20 x a dm (solid contours in Fig. SJ, 
with a DM = 0.0057 x E c , being E e ~ 3650M o pc~ 2 th e 
critical mass density of the cluster (iBlakeslee et alJ2 006) . 
The k value around the two brightest central galaxies 
of the norther n clump (the cluster center adopted in 
IJee et al.|[2005h is ~0.3. The second one is that contain- 
ing mass densities between 5 (dashed contours in Fig. [4| 
and 20 times a dm, while the last of the three encom- 
passes mass densities < 5 x a dm, reaching negative val- 
ues in some areas. These three environments correspond 
to regions 17/HDMD, 18/MDMD, and 19/LDMD, re- 
spectively, as presented in table [2] Also in Fig. 21 the 
distribution of spectroscopic members is indicated by the 
symbols. Members in the highest density regions are in- 
dicated as squares; members in the intermediate density 
regions, as triangles; and members in the lowest density 
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environments, as upside down triangles. For compari- 
son, we also show the horizontal dashed line in Fig. [3] 
that contains the mid-point between the two main cen- 
tral sub-clusters. 

As with the galaxies separated according to angular 
distribution, all non-emission and emission line galaxies, 
except the confirmed AGN members, were considered for 
stacking. The inclusion here of star-forming galaxies, as 
opposed to the regions in color-magnitude space and stel- 
lar mass that only include non-emission line objects, is 
because we are also interested in studying how the envi- 
ronment affects the cluster galaxy population as a whole 
(passive and star- forming galaxies; see §4.1. 3|) . Environ- 
mental effects on the passive cluster galaxy population 
only is discussed in £14.1.31 and $5j 

3.3. Weighted vs unweighted stacking 

After stacking the spectra, we checked for differences 
between the co-added spectra obtained from weighting 
the individual sources by their corresponding S/N at ~ 
4100 A (rest-frame; see §3.1|) and those obtained from a 
direct stacking without weights. The difference in S/N, 
A(S/N), as noted in £13.11 and as expected, favors the 
weight-stacked spectra. 

With the exception of a few groups with only 2 to 
3 spectra available for stacking, for which A(S/N) < 
1.6, we note that the region containing the core of the 
northern clump (20/NO) has a A(S/N) ~ 0.5. The S/N 
distribution of individual galaxies within 20/N0 is not 
specially different from that of many of the other regions, 
with a mean S/N of ~ 8 and & as/N ~ 3. Besides this, 
differences in S/N between the weight- and unweight- 
stacked spectra is A(S/N) > 4, with typical values of 
the order of 40%. Because of the improvement in S/N, 
the results that we present below are obtained from the 
weight-stacked spectra. 

The resulting weight-stacked spectrum for each region 
in hyperspace is shown in the corresponding panel of Fig. 
E] and Fig. [6] as the thick black line. Each spectrum is 
shown redshifted to m ean cluster redshift of z = 0.837 
(jDemarco et al.l [2005T ) . The relative flux is in arbitrary 
units. 

3.4. Spectrophotometric fitting 

As in iGobat et al.l (|2008f ) . here we perform a fit to 
both the corresponding broad-band photometry and the 
stacked spectrum for each one of the regions defined in 
table [2] The broad-band magnitude for a given region of 
hyperspace in a given band is obtained from averaging 
the individual magnitudes of the sources in that region 
for that band. The photometric data are weighted by 
the corresponding photometric S/N of the object before 
staking. 

In the present analysis, we have use d a set of composite 
stellar populations models from the iBruzual fc Chariot! 
(2003) library, all with solar metallicity (see £|4.4.1[) . and 
using the "Padova 199 4" stellar tracks. W hile a newer, 
revised library exists (jGirardi et al.l 20001) . it produces 
worse agreement with galaxy colors ( Bruzual fc Chariot! 
20031) than t he P adova 1994 library. Although the 
Gobat et al.l (120081) ' s cod e is able to handle both the 
Bruzual fc Chariot! (|2003| ) and iMarastonl (|2005h models, 
we prefer to use the former when fitting the co-added 



spectra because of their higher resolution (AA ~ 6 A at 
z = 0.837) when compared with the latter (AA ~ 27 A 
at z = 0.837), within the considered wavelength range. 
In this way, we degrade the resolution of the redshifted 
models instead of that of the data. 

The model spectra are considered within the con- 
text of a delayed, exponentially declining S FH, without 
secon dary episodes of star formation (see IGobat et al.1 
2008). These SFHs are parameterized by a time-scale r, 
therefore, they are referred to as "T-models" . We model 
the SED as a function of the time T between 200 Myr to 
the age of the universe at the cluster redshift (z = 0.837) 
in increments of ^250 Myr. Different SFHs are charac- 
terized by r-models with < r < 2 Gyr in increments 
of 50 Myr, and we assume a lSafpeteil (|1955l) initial mass 
func tion (IMF) with m ass cutoffs at 0.1 and 100 M Q (see 
also IGobat et~aTll2008D . The averaged photometric data 
and co-added spectra, for each stacking region, are inde- 
pendently compared with the above grid of models using 
a y 2 statist ics with q degrees of freedom as defined in 
lAvnl (fl976l) . 

The number of degrees of freedom, q, for each spec- 
trophotometric fit is defined as the number of indepen- 
dent variables minus the number of parameters. In the 
case of the spectroscopic data, the number of indepen- 
dent variables is difficult to estimate because of corre- 
lations between data points due to a spectral sampling 
finer than the FWHM resolution and a linearization of 
the wavelength solution. In order to take this into ac- 
count, and as a good first-order approximation, we mul- 
tiplied the x 2 value of the fit to the stacked spectrum by 
the ratio of the FWHM resolution to the sampling size 
within the considered wavelength range before estimat- 
ing the confidence regions. 

Since the true SFH of a galaxy may be more complex 
than a simple delayed exponential, and because the S/N 
of galaxy spectra at z ~ 1 often turns out to be relatively 
low, the r-model corresponding to the absolute minimum 
X 2 may not be sufficient to properly describe the actual 
SFH. Therefore, and in order to also be less sensitive to 
different systematic uncertainties from both the photo- 
metric and spectroscopic data, we consider models that 
are within the 99.7% confidence regions of the fits to the 
photometry and stacked spectra, in the space of model 
parameters. 

Among the models within the intersection of the 99.7% 
confidence regions of the separate fits to the photomet- 
ric and spectroscopic data, we consider as "best-fitting" 
model the one which has the lowest x 2 value for the fit to 
the observed co-added spectrum. In some cases this will 
be the actual, absolute best fit to the spectrum, but not 
always. The best-fitting model in each region of hyper- 
space is shown as the blue line in the corresponding panel 
of Fig. [5] and Fig. [6] In the same figures, the minimum 
and maximum fitting flux values within the above inter- 
section, and as a function of wavelength, are represented 
by the green lines. 

The x 2 statistics (|Avnilll976T ) is minimized with respect 
to the parameters of the model: T, r, and M* t SEDi the 
stellar mass (for the fit to the photometry), or cr v , the 
stellar velocity dispersion (for the fit to the spectrum). 
The value of a v is allowed to vary within the range - 
400 km/s. We calculate then the stellar age of a galaxy 
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as its SFR-weighted age, Tsfr, denned as: 

1-SFR{J-,t) = 



Jo ^(*,r)dt 



where 



^(t,r) 



(1) 



(2) 



is the r-model giving the SFR as a function of time since 
the onset of the star formation. This definition takes into 
account the effective fraction of stellar mass contributed 
by each single stellar population making up the model 
spectrum, and stellar populations contributing only a 
negligible fraction to the stellar mass at any given time 
T do not affect Tsfr. significantly. 

We also define a second estimator, the final formation 
time, tfi n , as M*(tfi n ) = 0.99 x M»(T). In contrast 
to Tsfr, tfin is sensitive to the residual star formation. 
Hence, while Tsfr measures the age of the bulk of the 
stars in a galaxy, t fi n traces the last stages of stellar mass 
assembly, and is therefore useful to distinguish between 
two otherwise old stellar populations that have stopped 
star formation at different times. For a model spectrum 
that fits the observed broad-band photometry or spec- 
trum of a galaxy, T — tti n corresponds to the lookback 
time from the epoch of the galaxy to the last episode of 
star formation, and is independent of the time at which 
the star formation of the r-model started. 

We note that the results from the spectrophotomet- 
ric fit are only weakly dependent on abundance, even 
though the iBruzual fe Charlotl ([2003ft models used here 
were computed at solar ratios only This is due to the 
fact that we are also fitting several other spectral features 
which do not dep end on [q/Fel, such as Call H, Call 
K. D4000. G4300 (IThomas et al.l l2003ft and C4668 (e.g., 
iJprgensen et al.ll2005ft . The first three, in particular, are 
the most prominent features in our stacked spectra and, 
therefore, drive the fit on the spectrum. We also make 
use of the 5-band SED, whose shape varies with age and 
metallicity but does not depend on individual absorption 
features. As a result, while the spectral features that do 
depend on a-abundance might increase the best-fit x 2 , 
their weight on the fit is greatly reduced. 

In addition, we applied the above x 2 statistics to 
the individual 134 sources spectroscopically confirmed 
as cluster members. By fitting their photometric data 
as described earlier in this section, we are able to ob- 
tain the corresponding stellar mas s, M^.sed, which w e 
compare with the value derived bv lHolden et al.l (|2007ft . 

based on the rest-frame B-V color, if avail- 



M 



*,{B-V) > 

able. Our photometric stellar ma sses are abou t a fac - 
tor of two larger than those from iHolden et al.1 (|2007ft . 
A linear fit to the mass measurements gives M* t sED — 
(1.7±0.27)xM°f^? ()Gobatll2009ft . The slight overes- 
ti mate of the SED-der ived masses with respect to those 
of IHolden et al.l (|2007ft might be due to the choice of the 
IMF. Likewise, if the metallicity of cluster galaxies is 
greater than solar, their SEDs would appear older when 
compared with a solar metallicity model. As a conse- 
quence, the fit would tend to overestimate the near-IR 
fluxes and thus the stellar masses. We considered our 
M*.sed values during the analyses. 



3.5. Spectral features and indices 

In addition to SFHs, we also computed line indices 
from the stacked spectra to characterize the stellar and 
metal content of cluster galaxies. At rest-frame optical 
wavelengths, the most prominent feature in the contin- 
uum of a galaxy produced by old, evolved (> 3 Gyr; 
iPoggianti fc Barbarolll997ft stars i s the so-called 4000A- 
Break (see, e.g . . IBruzual Al 119831 : IPoggianti fc Barbard 
fl997t lEmersonl 11999ft . Younger stars, < 2 Gyr, have a 
stronger flux density at wavelengths shorter than 4000 
A, producing a different disco ntinuity: the Balmer jump 
at 3646 A (see lEmersonlll999ft . 

In addition to the Balmer jump, stars with ages > 0.2 
Gyr also display large Balmer absorpti on lines such as 
Ho, H/3, H7, H<5, He, H6, etc. (e.g., ISwinbank et al.l 
|2005() . The strength of these lines is maximum for A0V 
stars, but they can be detected from late-B to early-F 
type stars ([Poggianti fc Barbarolll997ft . The presence of 
deep Balmer li nes is the signature of a y o ung stellar pop- 
ulatio n (e.g., ICouch fc Sharpies! Il987t IPoggianti et al.l 
11999ft . 

As the stellar population ages, the main contribution 
to the flux shifts to cooler stars. The luminosity of 
the galaxy decreases, as does the depth of the Balmer 
lines, and the Balmer jump is replaced with the 4000 
A-break produced by line blanketing du e to metals in- 
cluding CN and Call (e.g.. lEmersonlll999f ). The strength 
of the 4000 A-break increases with age and metal con- 
tent and is, for a fixed metallicity, a measure of age (e.g. , 
IPoggianti fc Barbarol [19971: IKauffmann et al.ll2003ft and 
a good indicator of old populations of stars. 

Because of the aforementioned metal absorption, the 
true continuum at some wavelengths cannot be mea- 
sured, and the apparent strength of some of the high- 
order Balmer features (H<5, He, H6, etc.) becomes sensi- 
tive to the metal content and [a/Fe] ratio of the stellar 
population (iMaraston et al.l [20031 iDressler et al.l 12004 
IThomas et al.l 12004 iProchaska et all I2007D . Therefore, 
line indices based on such features have to be consid- 
ered with caution when using them to quantify young 
stellar populations in galaxies. Another effect that may 
bias this quantification is that of the intrinsic velocity 
dispersion of the ga laxy, however, of smaller magnitude 
(|Kelson et al.l [20061 ) compared with that of metallicity. 

Very young (< 200 Myr), massive (> 10M Q ) O- and 
B-type stars are able to ionize their surrounding gaseous 
medium, which translates in the presence of emission 
line features such as Ha, H/3, [Oil] (AA3727) and [OIII] 
(A4959,A5007) in the optical window. Because of the 
short lifetimes of those massive, ionizing stars, these 
emission lines can be used to obtain a measure of the 
nearly instantaneus S FR, independent of the previous 
star formation history ([Kennicuttl 1 1 998ft . 

Establishing the significance of the old stellar con- 
tent of a galaxy i s done my means of the D4000 index 
(jBruzual A.lll983ft that measures the ratio between the 
continuum level at both sides of the 4000 A-break . Here 
we use the modified version of it (|Balogh et al.l I1999L 
see table [3]) , which is based on narrower continuum win- 
dows 13 . Although sensitive to metallicity effects, at early 
stages (< 1 Gyr) of stellar evolution, the D4000 index can 

13 Also referred to as D n (4000); see IKauffmann et al.l (120031) . 
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be used as a good age indic ator ()Poggianti fc Barbarol 
Il997t iKauffmann et al.ll2003l ). Assuming solar metallic- 
ity, stellar populations o lder than 3 Gyr are char acterized 
by D4000 values > 1.7 (jKauffmann et al.ll2003l ). 

The significance of young stars, between 1 and 2 
Gyr old, is estimated from the equivalent width (EW) 
of some of the Balmer absorption lines (see, e.g., 
ICouch fc Sharples!ll987tlPoggianti et al.lll999D. Here we 
use th e US a inde x, as defined by IWorthev fc Ottavianil 
(|1997T) . Following iDressler et al.l (|1999ft , we consider ob- 
jects with EW(H^) > 4 A ( see also iPoggianti et al.l 
1999) as galaxies with a significant young stellar com- 
ponent. F o r you nger ages, the [Oil] index defined in 
iTran et al.l (|2003ft (see table \5§ can be used as an indi- 
cator of current star-forming activity, ke eping in mind 
its vu lnerability to dust absorption. As in Dressi er et al.1 
(1999), we consider values of EW([OII]) < -5 A as signif- 
icant. As s hown recently for a s upercluster environment 
at z ~ 0.9 (L cmaux eEaDEQlOl), [Oil] emission can also 
be associated with a LINER or Seyfcrt component. Al- 
though it is something to bear in mind, we assume that 
this is not the case for our [Oil] emitters. 

In addition to H<5a, we introduce a new index 
associated with the H6 (A3 889) Balmer line (e.g., 
Ivan Dokkum fc Stanford! I2Q03D . The pseudo-continuum 
and line windows are given in table |3] We use a single 
stellar population, solar metallicity, 0.5 Gyr old model 
from the Bruzual-Charlot library (jBruzual fc Chariot! 
2003) in order to define the windows used to calculate 
the line EW. We note, however, that this definition be- 
comes sensitive to the strength of CN when old stellar 
populations become more important in the galaxy spec- 
trum. 

Finally, in order to investigate trends with metallicity, 
we also computed indices of some metal features available 
in the wevelength ra nge covered by our da ta: Fe4383 and 
C4668, as defi ned in IWorthev et al.l dl99l . and CN3883, 
as defined in iDavidee fc Clarkl (11994T) ("see table E]) . 

Most of the absorption indices described above 
are measured here using the same window defini- 
tions of the Lick/IDS sy stem (|Worthev et al.l 119941: 
IWorthev fc Ottavianilll997l ). However, our spectra have 
a resolution that is ~ 3 — 5 A lower than t hose in the 
Lick/IDS system (|Worthev fc Ottavianllll997ft . therefore, 
a direct comparison to the Lick/IDS indices cannot be 
performed. 

4. RESULTS 

4.1. Star Formation Histories 

The spectrophotometric fitting procedure described in 
^3.41 allows us to characterize the SFH associated with 
the co-added photometry and spectra of the galaxies in 
each of the hyperspace regions defined in table [2j This 
characterization is given in terms of the SFR-weightcd 
age, (Tsfr', see Eq. [1]), the formation redshift (zf), the 
final formation lookback time from z — 0.837 (T — tun ) 
see H3.4p . and the final formation redshift (z/ in ; see £)3.4[) . 
The formation redshift, Zf, is defined as the redshift cor- 
responding to Tsfr- The values of these parameters for 
the different regions defined in table [2] (see £13.21) are sum- 
marized in table 01 "Error" bars shown in Figures [7] 
through[TU] actually indicate the maximum and minimum 
parameter values within the intersection of the 99.7% 



confidence regions of the fits to the composite SED and 
stacked spectrum. 

When fitting the spectrophotometric data of bins that 
have a mix of early- and late-type galaxies, the adopted 
SFH may not be sufficient. Indeed, the spectrophotome- 
try of those bins corresponds to a combination of old and 
young stellar populations, whose composite SFH may not 
be adequately parametrized by a simple delayed expo- 
nential. In addition, the [Oil] (A3727) emission feature 
is enclosed by the r 62 5 band. This results in a higher r@25 
flux and therefore in bluer colors. The best fitting mod- 
els to the SED would then be younger than those to the 
spectrum, where the [Oil] line is ignored. This can lead 
to a significant discrepancy between the photometric and 
spectroscopic solutions, with no intersection in parame- 
ter space. In fact, no 99.7% intersection in parameter 
space was found for region 24/S1 (see table 

In what follows, we present our main results about the 
average SFH of cluster members in the RS, as well as 
in terms of stellar mass and environment, as defined in 
N3.2I (see tabled]). Since SFHs are obtained by using so- 
lar metallicity models, in £14.4.11 we give a justification 
for this while in i j4.4.2l we discuss about the biases intro- 
duced by this choice. 

4.1.1. SFH in the cluster RS 

Results from the three-bin partition are shown in pan- 
els (a) and (c) of Fig. [7] Panel (a) shows that the Tsfr 
within the cluster RS decreases proportional to K s as 
Tsfr = -0.7 x K s + 18.5 Gyr. Panel (c) shows that the 
lookback time from the epoch of observation to the last 
episode of star formation, T — tfi n , varies as T — tfi n = 
-1.0 x K s + 23.0 Gyr. The other two panels in Fig. 
(b) and (d), show the variations of Tsfr and T — tfi n 
with color as obtained from the finer RS partition. The 
Spearman's rank test ()Press et al.lll992T ) indicates that 
the trend between age and r§25 — K s color (panel b) is 
significant with > 95% significance (p = 0.99). This cor- 
relation can be described as Tsfr = 2.4 x (^25— K s )~ 4.0 
Gyr. In the case of the lookback time T — tfi n , the 
Spearman's rank test also gives a significance > 95 % 
(p = 0.94) for the observed correlation with color. A lin- 
ear fit shows that this correlation can be characterized 
as T - t fm = 3.6 x (r 625 - K s ) - 9.4 Gyr. 

The above correlations indicate that, on average, 
galaxies in the brighter and redder RS bins are older 
and also display shorter periods of active star formation. 
Galaxies at the bright-end of the RS would have formed 
the bulk of their stars at Zf > 3 and finished their star 
formation at Zfi n ~ 2, while those in the faint-end of the 
RS would have formed most of their stars at Zf ~ 2. 
This formation redshift for the average galaxy at the 
bri ght-end of the RS is i n agreement with the estimates 
bv lBlakeslee et all (|2006|) for cluster elliptical galaxies in 
RX J0152. 7-1357, and with recent m easurement of z f on 
brightest cluster galaxies at z > 1.2 (Col lins et al.ll2009l 
see also Papovich et al. 2010). In particular, while re- 
gions 8/FGRS and 9/FRRS have similar SFR-weighted 
ages and final formation times, the faint-blue end of the 
RS (7/FBRS) is very young, with a final formation red- 
shift of Zfi n ~ 1, less than 1 Gyr from the epoch of the 
cluster. 

A similar spread toward younger ages in faint , low- 
mass galaxies is reported by iGallazzi et al.l (|2006l ) from 
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their SDSS sample of early-type galaxies. In the case 
of the three bright bins, 4/BBRS thourgh 6/BRRS, we 
observe clear trends in the sense that both Tsfr and the 
T — tfi n loockback time increase with (r625 — K s ) color. 
All these correlations with color, in the bright and faint 
parts of the RS, support the conclusion that the intrinsic 
scatter of the RS is mainly due to stellar age differences. 

4.1.2. SFH as a function of stellar mass in the cluster RS 

Considering only passive RS members, we find that 
both T$fr and T — tfi n scale with average stellar mass, 
M* sed, as shown in Fig. [5] The average mass in 
each mass bin (14/RSHM, 15/RSMM and 16/RSLM) is 
obtained by averaging the individual stellar masses of 
galaxies in each bin, and the corresponding error bars 
are calculated as the standard error. We find that lower 
stellar mass bins tend to have, on average, younger ages 
and more extended periods of active star formation. Lin- 
ear fits to the data give Tsfr = 1.4 x log{M tt sed) — 11.6 
Gyr, and T - t frn = 1.9 x log(M* >SED ) - 18.3 Gyr, in 
qualitative agreement with the results from the fit to the 
color-luminosity selected bins. This is not surprising as 
the K s -band luminosity is a good tracer of the stellar 
mass. 

The average galaxy population in the most massive bin 
(14/RSHM) is characterized by having formed the bulk 
of its stars at Zf > 3 and stopped its star-forming activ- 
ity by Zfi„ ~ 2. On the other hand, the average SFH 
from the best-fitting models to the co-added spectropho- 
tometric data of the lowest mass bin (16/RSLM) shows 
a delay of ~ 2.2 Gyr, with a formation redshift Zf ~ 2 
and a final formation redshift z / j„ ~ 1 . 

These results show that more massive galaxies stopped 
forming stars earlier, in this case ~ 2 Gyr, than less mas- 
sive ones, consistent with the "downsizing" scenario for 
the st ar formation in galaxies proposed by ICowie et al.l 
(p9l . As the average stellar mass of passive cluster 
members in the faint-blue RS bin (7/FBRS) is consistent 
with that of the other two faint RS bins, 8/FGRS and 
9/FRRS (see tableQJ, we conclude that the age difference 
found for region 7/FBRS with respect to the other RS 
regions is not (solely) due to stellar mass. Hence, non- 
intrinsic factors such as the cluster environment must be 
taken into account. 

4.1.3. SFH as a function of environment 

The star formation- weighted age and the T — t fi n look- 
back time as a function of local projected DM density, 
i.e., regions 17/HDMD through 19/LDMD, are shown in 
Fig. IU The results are consistent with each other within 
the parameter "errors" (see §4.1|) . On average, the bulk 
of the stars in cluster galaxies were formed at roughly the 
same time, Zf ~ 2.6 which corresponds to a Tsfr ~ 3.8 
Gyr (see table |4j . Linear fits to the data give Ts fr = 
0.1 x E DM + 2.7 Gyr and T - t fm = 0.1 x E DM + 0.5 
Gyr. 

However, the signature of the local environment can 
clearly be seen: galaxies in the lowest DM density envi- 
ronment (19/LDMD) form stars down to Zfi n ~ 1, that is 
~ 0.8 Gyr prior to the epoch of observation (z = 0.837). 
In contrast, the average galaxy in the highest density re- 
gion (17/HDMD) has stopped forming stars ~ 3.2 Gyr 
prior to the epoch of observation {zf% n ~ 2). 



Not surprisingly, this increase (decrease) in duration of 
the star formation activity (T— t/{ n ) when going to lower 
projected DM density regions is qualitatively consistent 
with the variations in T — t fi n when moving from central 
to external areas of each subcluster. These trends are 
shown in Fig. QUI Red points correspond to regions 
20/NO through 22/N2 in the northern subcluster while 
blue points correspond to regions 23/SO through 25/S2 
in the southern subcluster. 

The corresponding linear fits are shown as dashed red 
and blue lines. These fits are described as Tsfr — — 0.8x 
dciump + 4.8 Gyr and T - t fm = -0.8 x d chimp + 2.6 Gyr 
for trie northern radial sectors, and as Tsfr = —0.5 x 
ddump + 4.1 Gyr and T - t fin = -0.8 x d c i ump + 2.6 
Gyr for the southern radial sectors. d c i ump corresponds 
to the distance between the center of the subcluster and 
the radial mid-point of a given radial sector (see Fig. [3] 
and table |2J|. 

There is also some indication that the central region of 
the northern subcluster is slightly older and has stopped 
forming stars earlier than the central region of the south- 
ern subcluster. 

We point out that most of the galaxies considered in re- 
gion 7/FBRS are located in the outskirts of RX J0152.7- 
1357, within the low DM density bin corresponding to 
bin 19/LDMD. Therefore, it is likely that the younger 
age derived from the stacked spectrophotometric data of 
7/FBRS is related to the local environment. We will dis- 
cuss this in more detail later on in £j5j It is important 
to say that this dependence of SFH with environment is 
consistent with t he environment a l depe ndence of galaxy 
colors found by iBlakeslee etall (|2006t ) in RX J0152.7- 
1357, and of star for mation found in lo w redshift high- 
density environments (jGrav et alJl2004| ). 

If we concentrate only on the cluster members that do 
not show [Oil], the corresponding SFHs are observed to 
be different depending on stellar mass and local envi- 
ronment. This is illustrated in Fig. 1111 In it we show 
the SFHs of the best-fitting models of the spectropho- 
tometric data in the stellar mass-selected regions of RS 
galaxies, 14/RSHM through 16/RSLM, and local dark 
matter density regions, 17/HDMD through 19/LDMD. 
The figure indicates that high mass galaxies and those in 
the highest density environments have formed the bulk 
of their stars at z > 3 and stopped their star-forming ac- 
tivity at z ~ 2 altogteher, with the most massive galaxies 
(> 8 x 10 10 Mq) being ~ 1 Gyr older than the less mas- 
sive ones (3 x 10 10 Mq). These ages suggest a formation 
scenario involving an accelerated SFH and early quench- 
ing of star formation, possibly followed by further mass 
assembly via mergers (see $5) ■ 

4.2. Spectral indices 

Spectral indices were obtained directly from the 
stacked spectra of the different regions in the hyperspace 
defined in £13.21 Our results are presented below. 

4.2.1. The red-sequence 

Fig. [12] shows line strengths for the 6 bins in the cluster 
RS (see table [2) . Red circles correspond to to regions in 
the bright half of the RS while blue circles correspond 
to regions in the faint half. Only passive galaxies, i.e., 
galaxies with no detectable [Oil] in emission, have been 
stacked in each region. 
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We find that the central and red bins of the faint 
half of the RS (reions 8/FGRS and 9/FRRS), as well 
as the bright half of the RS (regions 4/BBRS through 
6/BRRS), show little to no H<5 absorption with a pro- 
nounced 4000A -break, consistent with an old > 2 Gyr 
old population ()Poggianti fc Barbarolll997l) . In contrast, 
the stacked spectrum corresponding to the blue faint- 
end of the RS (region 7/FBRS) shows a moderate US 
absorption (EW(H#a)> 3), falling in the k + a category 
of Drcssle r~et al.l ([1999), and a strong (~ 6 A) H6 index. 
At the same time, the D4000 index of 7/FBRS is the 
weakest among our measurements in the RS. Thus, the 
most notable feature of these diagrams is the separation 
of the blue, faint-end of the RS (region 7/FBRS) from 
the rest of the other RS regions for those age-sensitive 
indices such as D4000, US a and H6. 

The composite spectrum of the blue faint-end of the 
RS is thus consistent with that of a quiescent stellar 
population which experienced its latest episode of star 
formation abou t 1.5 Gyr earlier, i.e., that of a post-star- 
formi ng galaxy (| Couch fe Sharpies 1 9871 : iPoggianti et al.l 
11999ft . This suggests that, while the bright half of the RS 
appears fully assembled at z = 0.837, the blue faint-end 
of the RS is still in the process of being populated via 
the migration of low-mass (< 5 x 10 10 M Q ) galaxies from 
the blue cloud as their star formation is suppressed. At 
this redshift, this mass limit is broadly consistent with 
the transition mass found for field galaxies using the lu- 
minosity func tions of both early-type and star-form ing 
galaxies (e.g.. ICimatti et al.ll200a iBundy et al.ll2006ft . 

In terms of metal indices, the above separation between 
bin 7/FBRS and the rest of the RS becomes less obvious 
for indices such as C4668 and CN3883, although it can be 
seen for the Fe4383 index. In general, except for C4668, 
a deviation of at least 2a is measured between region 
7/FBRS and the brightest, reddest region (6/BRRS) in 
the RS for most of the indices shown. This segragation 
is likely the manifestation of significant differences in age 
and metal content of galaxies at opposite ends of the RS. 

4.2.2. The cluster environment 

In Fig. [T3] we present line strengths as a function of 
environment. The latter is characterized in three differ- 
ent ways: projected DM density (black circles), angular 
distribution in the northern subcluster (blue squares), 
and angular distribution in the southern subcluster (red 
squares) (see table [2]). All (passive and star-forming, but 
no AGN) galaxies have been stacked in each region. We 
have separated galaxies in the northern subcluster from 
those in the southern one aiming at taki ng into account 
the merging nature of RX J0152. 7-1357 (jDemarco et al.1 
2005; iGirardi et al1l2005ft . 

Clear trends of the age-sensitive indices with environ- 
ment are observed. No or little HSa in absorption (< 2 
A) is seen in cluster areas with the ^dm > 5 x a dm (re- 
gions 17/HDMD and 18/MDMD), while values of RS A ~ 
3 A are measured at projected densities £dm < 5 x (Tdm 
(region 19/LDMD). The H6 index is observed to increase 
from ~ 3 A to ~ 5 A with decreasing projected DM 
density, while a gradient in the opposite sense is ob- 
served for the D4000 index. In terms of angular dis- 
tribution, the HSa and H6 indices increase, on average, 
toward the outskirts of each subcluster, while the oppo- 



site trend is observed for the D4000 index. As opposed 
to the EW(C4668), the EW(CN3883) and EW(Fe4383) 
show a notable decrease toward lower DM density re- 
gions. Gradients with radial distance are only notable 
for the CN3883 and Fe4383 indices depending on the 
substructure. 

4.2.3. Morphology and stellar mass 

A behavior according to expectations is observed for 
the spectral indices from different morphological stacks 
(see table [5J . As we move from early-type to late- type 
galaxies, on average, Balmer indices increase in inten- 
sity, the 4000 A-break weakens, and indices such as 
CN3883 and Fe4383 tend to decrease in strength, except 
for C4668. While differences in EW(C4668) between el- 
lipical, SO and spiral galaxies do not exceed ~ 3 A, irregu- 
lar galaxies show, on average, EW(C4668) values as large 
as ~ 23 A. The H6 index is observed to correlate with 
HSa and anti-correlate with D4000. On the other hand, 
the [Oil] index presents a marked increase when moving 
to late-type morphologies, reaching EW([OII])~ — 31 A 
when co-adding spectra of irregular galaxies (see table 

EJ. 

Table [5] shows index values for regions 14/RSHM 
through 16/RSLM formed by passive, RS galaxies 
grouped according to stellar mass. The average stellar 
mass derived from the spectrophotometric fitting to the 
stacked data (see 13.41) for each one of these three re- 
gions is given in table |4] These values are consistent, 
within the errors, with those of (1.70 ± 0.14) x 10 11 , 
(0.50 ± 0.04) x 10 11 and (0.20 ± 0.01) x lO n M for re- 
gions 14/RSHM, 15/RSMM and 16/RSLM, respectively, 
obtained from directly averaging the stellar masses of the 
individual galaxies within each of those bins. 

Balmer indices increase and the D4000 index decrease 
as we move from the most massive bin (14/RSHM) to 
the less massive one (16/RSLM). Qualitatively, the rela- 
tive variations between these indices are preserved with 
respect to those in color-magnitude space in the RS (see 
I4.2.1|) . This is in agreement with the expectation by 
which the stellar mass is the main responsible of the in- 
tegrated stellar spectrum of galaxies and, therefore, their 
color-magnitude properties. 

No clear variations of the metal absorption features 
with stellar mass is observed. Although the C4668 in- 
dex seems to increase with stellar mass, a more uniform 
set of values is measured for CN3883 and Fe4383 in the 
considered mass range. We note that these estimates are 
subject to large uncertainties, and that the metallicity 
spread covers a reduced range of AZ = 0.4 Zq (see 14.4. II 
below) . 

4.3. Considerations about HSa and H6 

With respect to the HSa index, it is important to 
take into account the following caveat. As reported in 
iDemarco et~aT1 (j2005l) . the H5(A4101.7) line redshifted 
to the cluster redshift of z ~ 0.84 is close (~ 50 A) to 
the atmospheric A-band feature at ~ 7600 A. Although 
a standard telluric correction was applied to remove the 
A-band feature, this correction may have introduced an 
uncertainty as large as ~ 20% in the EW of US for some 
of the individual spectra (jDemarco et al.ll2~005ft . 

The effects of this correction may have propagated in 
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some extend to the final co-added spectra, for that the 
results reported in H4.2I have to be considered with cau- 
tion. However, since our error bar estimates are obtained 
by taking into account the r.m.s flux in the pseudo- 
continuum windows of the line, any additional noise in- 
troduced by the telluric correction should thus be already 
included in the error bars. 

The observed variations of the H6 index with respect 
to H5a and D4000 suggest that the H6 line may be used 
as an indicator of young stellar populations, whenever a 
significant young stellar component is present. However, 
the use of this line to estimate ages associated with a 
young (~ 1 — 2 Gyr) stellar component is not adviced 
unless a good modeling of metal lines and abudance ra- 
tios is available. 

In fact, our definition of the H6 index is based on a 
a single stellar population, solar metallicity, 0.5 Gyr old 
model (see I3.5|) which is not affected by strong metal 
features such as CN near 3883 A. The latter shows it- 
self stronger in more massive, early-type galaxies, thus 
affecting the pseudo-continuum and line windows of the 
H6 index. For late-type galaxies, the CN feature de- 
creases in strength, and the H6 measurement becomes 
more representative of the present younger stellar popu- 
lation. This can be seen in the different panels of Fig. [5] 
and Fig. [6] In order to visualize the correlation between 
H6 and other B aimer features such as H<5 and H7, the 
vertical dashed lines in Fig. [5] and Fig. [5] indicate the 
location of these features from left to right, respectively. 

4.4. Considerations about metallicity and internal dust 

4.4.1. Metallicity range 

Local early-type galaxies are observe d to have metallic- 
ities in the range ~ O.5-2Z (see, e.g.. lKuntsch"nerll2000l: 
IGallazzi et aTl l2006D . with massive RS galaxies prefer- 
entially located at the super-solar end of the metallic- 
ity distribution. Current observations suggest a little 
evolutio n of the RS slope sinc e z ~ 1.4 down to z = 
le.g.. iBlakeslee et all l2003bl I20M iMei et all [20065 
iLidman et alJl2008t ). and the early establishment of the 
brigh t end of the RS in g ravitationally bound systems 
(e.g., iKodama et al.l [20071) . Hence, the metallicity of 
early-type RS galaxies does not seem to have significantly 
changed between z ~ 1 and z = 0, and the use of the loca l 
metallicity-stellar mass relation in iThomas et al.l (|2005l ) 
at ~ 0.84, in order to infer metalicity from stallar mass, 
thus seems to be justified. 

Passive galaxies in the RS (bins 4/BBRS through 
9/FRRS) have stellar mass values of8xl0 9 < M*. SED < 
3 x 10 11 M®, which, according to the local metallicity- 
stellar mass relation, gives metallicity values of 1.2 < 
Z < 1.6 Z®. These metallicity estimates are in agree- 
ment with the local values given in the previous para- 
graph . We note that, considering the IBruzual fc CharlotI 
(2003) library, the 1.2 < Z < 1.6 Z Q range is closer to 
solar metallicity than to any other metallicity value avail- 
able from that library using the Pado va 1994 tracks. This 
suppo rts the original choice of using IBruzual &: Chariot] 
(2003) solar metallicity models to calculate SFHs. 

4.4.2. Metallicity effects 

It is important to make an assessment of the im- 
pact that metallicity may have on our analyses and re- 



sults. As metallicity is a function of stell ar mass (e.g., 
iTremonti etaU 12004 IGallazzi et all 120061 ). keeping the 
metallicity fixed when fitting models to the observed data 
can induce systematic errors in the stellar population pa- 
rameters. This is especially relevant when two galaxy 
samples are being compared, as a metallicity difference 
between the galaxy populations can produce an appar- 
ent (and spurious) difference in other properties of the 
stellar population, such as age. 

To q uantify this bias, we carrie d out a test by which 
we fit a IBruzual fc CharlotI (|2003f ) model at solar metal- 
licity to a series of subsolar and supersolar metallicity 
IBruzual fc CharlotI $2003) models, assuming photomet- 
ric and spectroscopic errors consistent with the observed 
data. The non-solar metallicity models, spanning the 
range 0.5 — 2 Zq, were obtained by interpolating a set of 
three models with 0.4, 1 and 2.5 Zq. Unsurprisingly, the 
bias is significant for old models, which have prominent 
metal features, while it is negligible for young ones with 
spectra dominated b y Balmer absorption. 

As in lGobatj (|2009l ). we define AT SF r and At fm as the 
difference between the best fitting solar metallicity mod- 
els to the solar metallicity input, and that of the best 
fitting solar metallicity models to the nonsolar metal- 
licity ones, for the mean star formation weighted age 
and final formation time, respectively. For models with 
T — tfi n > 1.5 Gyr, we found that ATsfr varies as 
(0.7 ±0.1) x Z/Zq and At fin as (0.85 ±0.1) x Z/Z®. In- 
terestingly, at supersolar metallicities, ATsfr and Atfi n 
reach a maximum for models whose age is ~ 2 Gyr, 
and decrease for older models. As this effect disap- 
pears when performing the same test on Maraston (2005) 
models, it is likely not intrinsic to the fitting proce- 
dure (i.e., caused by the boundaries of the parameter 
grid, for example) but due to a particularity of the 
IBruzual fc Chariot] ()2003l ) templates. The age at which 
the maximum difference occurs suggests that this is an 
effect of th e particular treatment of p ost-main sequence 
stars in the IBruzual fc CharlotI (]2003l ) model. 

4.4.3. Internal dust 

Another issue that must be addressed is the possible 
presence of dust-enshrouded, star-forming galaxies in our 
red sequence bins. This is especially relevant to the anal- 
ysis of the faint-blue RS region (7/FBRS) as it could 
mean that its composite spectrum is not that of a qui- 
escent stellar population with a significant contribution 
from relatively young stars, but rather that of galaxies 
continuouisly forming stars with a significant amount of 
internal dust. We test this using extinction values de- 
rived from independent estimates of the star formation 
rate in RX J0152. 7-1357 ob tained from Spitzer observa- 
tions (Marcill ac et alj 12007). Although we do not con- 
sider extreme cases of very low dust and a very low [Oil] 
emission, the following discussion strongly suggests that 
RS galaxies are not affected by significant dust redden- 
ing. 

As an estimate of the SFR in dusty galaxies in RX 
J0152.7- 1357 we adopt t he va lue of 22±fg Mgj/r^ 1 de- 
rived bv lMarcillac et all (|2007[) from deep 24/Ltm observa- 
tions with MIPS dRieke et al.ll2004f) on th e Spitzer space 
telescope. We use the iKennicutq p"998Vs relation be- 
tween the [Oil] emission at 3727 A and the SFR given 
by 
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SFR = (1.4 ± 0.4) x lQ- 41 L([OII}) 



(3) 



where the SFR is units of Af Q yr~ 1 and the [Oil] lumi- 
nosity, in units of erg s _1 . The latter is related to the 
rest- frame B-band luminosity and the EW([OII]) as 



29 l b 



■EW([OII}) . (4) 



L([OII}) ~ (1.4 ±0.3) x 10 



Together with these relat ions, we assumed the ex- 
tinction curve derived by iCalzetti et al.l (|2000D for 
star-forming galaxies to estimate the ranges of SFR 
and E(B — V) values needed to produce an observed 
EWQOII]) of -5 A 14 given the rest-frame B-band lu- 
minosity of the RS galaxies. This latter value and its 
uncertainty were obtained from the best-fit r-models to 
the SED of individual galaxies. 

At z ~ 0.84, the rest-frame B-band falls between the 
2775 an d .2850 filters. The rest-frame B-band luminosity 
is, therefore, strongly constrained by the observed SED 
and only weakly model-dependent. We found that the 
amount of dust needed to damp the [Oil] emission down 
to EW([OII]) = — 5 A results in an extinction of at least 
E(B -V) = 0.6. 

We also extended the grid of lBruzual fc Chariot! (|2003[ ) 
solar metallicity models down to ages o f 0.1 Myr and 
redden ed these model spectra using the ICalzetti et al.l 
( 2000) prescription, assuming the above putative E(B — 
V) > , 0.6 value and the SFR values from iMarcillac et al.l 
( 2007) . We found that only models younger than 7 Myr 
could reproduce the observed colors in the RS when red- 
dened. We then compared this subset of models with the 
spectra of galaxies in the RS bright-red and faint-blue 
bins (6/BRRS and 7/FBRS) using the D4000, HS A and 
H6 indices. For most of the galaxies in those bins, nei- 
ther the reddened Balmer nor the D4000 model indices 
can reproduce the data, with the model 4000 A-break 
being shallower. 

The spectral features and color of one (possibly two) 
of the galaxies in 6/BRRS is consistent with a dust- 
enshrouded, star-forming galaxy, while no such dusty, 
star- forming galaxies were found in region 7/FBRS. We 
conclude that dusty star-forming galaxies do not form 
a significant fraction of the population in the RS bins, 
but rather that the average galaxy population at the RS 
faint, blue-end is truly a quiescent one with a significant 
component of relatively young stars and very little dust, 
if any. 

5. DISCUSSION 

The results presented in the previous sections can be 
used to deepen our understanding of the effects that the 
cluster environment has on the physical properties of 
cluster galaxies. Of special interest is to understand the 
role that the environment plays in the assembly of the 
RS in clusters. 

The most prominent differences in SFHs and spec- 
trophotometric properties are found between the two op- 
posite ends of the RS: regions 6/BRRS and 7/FBRS. On 
average, galaxies in the blue faint-end of the cluster RS 
(7/FBRS) arc ~ 1.8 times younger and have 5 times less 

14 Wc take this value as a fiducial one, considering 



mass in stars than the average galaxy at the red bright- 
end of the RS (6/BRRS). In terms of morphology, all of 
the galaxies in bin 6/BRRS are classified as early-type 
galaxies (E+S0) while 67% (6/9) of the galaxies in bin 
7/FBRS are classified as such. The remaining 33% of 
these sources is composed of one Sa galaxy, one spiral 
galaxy with a morphology later than Sa, and one irregu- 
lar galaxy. Possibly only one of the galaxies in these two 
RS regions is a merger. 

Fig. Q3] shows the location of RS passive members 
with respect to both the projected DM density distribu- 
tion (left panel) and the gas distribution of the intraclus- 
ter medium (ICM; right panel). In both panels, circles 
correspond to cluster members grouped by stellar mass: 
red, white and blue symbols are galaxies within regions 
14/RSHM, 15/RSMM and 16/RSLM, respectively, as de- 
fined in tabled In addition, we identify the cluster mem- 
bers in regions 6/BRRS and 7/FBRS as red squares and 
blue triangles, respectively. The DM density contours are 
the same as those in Fig. [U while the ga s distribution is 
trace d by the X-ray Chandra contours (|Demarco et al.l 
l2005h . 

It is clear, from Fig. Q3J that a mass segregation exists 
in the sense that the less massive galaxies prefer the low- 
est density areas of the cluster, both in terms of projected 
DM density and gas density. It is interesting to note 
that the southern subcluster is populated by a significant 
number of galaxies in the intermediate mass range (bin 
15/RSMM). The most massive galaxies (those in region 
14/RSHM) are preferentially located in the more massive 
northern subcluster or near it, with a fe w of them pop- 
ulating the infalling grou p to the East ([Demarco et al.l 
2005; IGirardi et aO200l . 

More interestingly, there is a strong segregation in 
the location of galaxies belonging to bins 6/BRRS and 
7/FBRS. Most of the galaxies in the bright, reddest bin 
(red squares) populate cluster areas where the local DM 
density is > 5 x T,dm and the X-ray emission is detected 
at least at the 3-ct level. Instead, most of the faint, bluest 
passive galaxies in the RS (blue triangles) are situated in 
cluster areas where the local projected DM density is 
below the 5 x £dm threshold and no significant X-ray 
emission is detected. 

The location of these passive, blue and faint RS galax- 
ies in bin 7/FBRS within the cluster environment place 
interesting questions about galaxy-environment interac- 
tions. In order to gain insight into the environmental 
physics operating on these galaxies, we first estimate the 
crossing time of the cluster. The time it would take to a 
galaxy at a distance r from the cluster center and mov- 
ing at a speed equal to the cluster's velocity dispersion, 
tit,, to cross the center of the c luster is given by t cr ~ [r/ 
Mpc)(cr„/10 3 km s' 1 )- 1 Gyr (lSarazinlll98cl . 

As seen in Fig. Q3J most of the galaxies in 7/FBRS 
(blue triangles) are located at ~ 1 Mpc fr om the cluster 
cente r. At a speed of cr v ~ 1300 km/s ([Girardi et al.l 
2005), these galaxies would have needed ~ 0.8 Gyr 
to reach their observed position after a first crossing 
through the center. Assuming that these galaxies in re- 
gion 7/FBRS originally come from a diametrically op- 
posite point in the cluster, ignoring projections effects, 
the total time spent inside the cluster environment would 
thus be ~ 2 x t cr = 1.6 Gyr. 

This time is shorter than TsfRj but a factor of 2 larger 
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than the final formation lookback time, T — f/j„, esti- 
mated from the average spectrum in bin 7/FBRS (see 
table |H). We n ow consider the scheme proposed by 
iTreu et ail (|2003l l describing the action range of a num- 
ber of mechanisms likely responsible of altering galaxy 
properties in the intracluster environment. 

A first passage through the dens cluster core would 
have likely suppressed star formation in a short timescale, 
resulting in a lookback time T — tfi n < 1.6 Gyr. Our es- 
timate of T — tf in ~ 0.8 Gyr (see table 2]) indicates that 
tidal interactions with the cluster, ram pressure stripping 
and merging, all effective at clustercentric distances < 1 
Mpc, may well have been responsible of the spectropho- 
tomctric and morphological properties of galaxies in bin 
7/FBRS. In consequence, galaxies in 7/FBRS would be 
systems which are being accreted for the first time into 
the cluster. 

If galaxies in 7/FBRS are just entering the clus- 
ter enviro n ment for the first time, according to 
ITreu et al.l (12003|) . two other mechanisms , harassment 
(e.g.JMoore et al. 11998) and/or starvation (jLarson et al.l 
1980: Bckki et al . 2002), operating at large clustercentric 
distances (> 1 Mpc), may have contributed to shape 
the observed properties of galaxies in bin 7/FBRS. Al- 
ternatively or in addition, the quenching of star for- 
mation and the establishment of the morphology and 
metal content may well have occurred within group (e.g . , 
IZabludoff fc Mulchaevl[l99l iKawata fc Mulchaevll 2008) , 



filam ent or neighboring (> 3 Mpc) field (|Patel et al.l 
2009) environments outside the cluster. In fact, RX 
J0152. 7-1357 is known to be at the intersection of 
large scale filaments, in which galaxy-galaxy interactions 
within groups may be the respon sible mechanism of the 
truncation of th e star forma ti on (|Tanaka et al.ll2006| ). 

Furthermore, iFaber et al.l ([2007( 1 propose a "mixed" 
scenario to explain the assembly and evolution of the 
RS, although their analyses include galaxies in all envi- 
ronments, not only in clusters, and focus on the bright- 
end of the RS, where their data are complete. In this 
scenario, galaxies would enter the RS over a range of lu- 
minosities (masses), first quenching their star formation 
via gas-rich ("wet") mergers, followed by some stellar 
("dry") mergers along the RS. In this way, galaxies, once 
in the RS, would progressively move toward the bright, 
red-end of it. 

Our results on the SFH of RS galaxies (see table [4| in- 
dicate that galaxies in the bright, reddest bin (6/BRRS) 
of the RS of RX J0152. 7-1357 quenched their star for- 
mation ~ 4 Gyr prior to the epoch of observation, while 
bluer galaxies of similar luminosity (bins 4/BBRS and 
5/BGRS) continued forming stars down to a much re- 
cent epoch. The reddest and brightest galaxies may have 
entered the RS when being fainter (less massive), having 
i~ 4 Gyr to reach their current location in the RS. On the 
other hand, the amount of time available for this to hap- 
pen to bluer galaxies of comparable luminosity is only 
~ 2.5 Gyr. 

Studies of the re dshift evolution of galaxy pair fractions 
and merger rates (|Lin et al.ll2008D show that dry merg- 
ers, responsible of the creation of massive, red galaxies, 
bec ome as important as wet mergers only at z < 0.2 (see 
also Ivan Dokkuml 12005( 1 , being significantly surmounted 
by the latter at z ~ 0.8. An example of dry (red) merg- 
ers in a cluster environment are those found in the clus- 



ter MS1054-03 at z ~ 0.83 (jvan Dokkum et al.l 119991 
iTran et aLll2005( l. Morphological signatures of dry merg- 
ing a re expected to be visible for ~ 150 Myr (Be ll et al.1 
2006) which is consistent with the lack of any interaction- 
driven feature in the morphology of galaxies in 6/BRRS. 
Therefore, it is possible that galaxies in the bright half 
(18.5 < K s < 20.75) of the RS may have entered it when 
being less luminous and reached their current location 
after undergoing dry mergers. 

However, no firm conclusion can be reached from the 
current data and analysis. These massive, red galaxies 
may well have formed at z > 3 through wet mergers 
in proto-cluster environments and evolved without much 
interaction since. The amount and duration of any wet 
merger for galaxies in these bright bins of the RS are 
limited, however, to levels that are undetected by our 
data and analyses. 

The situation of galaxies in the blue faint-end of the 
RS (7/FBRS) is also of great interest. These galaxies 
seem to be transition objects, entering the RS from the 
"blue cloud" . They are passive and redder than the "blue 
cloud" , and would still contain young (< 1 Gyr) stars re- 
sponsible of their bluer colors with respect to other RS 
members such as those in bins 8/FGRS and 9/FRRS, 
which likely entered the RS ~ 1 Gyr earlier when they 
stopped forming stars. The later evolution of galaxies 
in the faint half (20.75 < K s < 23.0) of the RS, in 



particular those in 7 /FBRS, may be th rough dry merg- 
small rate (~ 10 4 /i 3 Mp c 3 Gyr 1 ) down to at least 



ers as suggested by IFaber et al 



y be th n 
] Jill), 



although at a 



z ~ 0.3 (|Lin et all 12008( 1 . Galaxies in 7/FBRS (and 
other bins) would eventually move along the RS towards 
brighter and redder regions of it, evolving, however, not 
necessarily in a n entir ely passive way as suggested by 
J Orgcnscn et all (|2005f l. This would imply some more 
extended star formation episodes possibly triggered by 
mergers with some gas. 

Eventually, the star-forming members in RX J0152.7- 
1357 that are clos er to the X-ray emitting gas 
(|Demarco et al.ll2005( l and in the "blue cloud" will likely 
suffer interactions with the denser ICM, leading to a sup- 
pression of the star formation by ram pressure stripping. 
Alternatively, or in addition to that, they will undergo 
wet mergers with other cluster galaxies resulting in a 
rapid depiction of their gas content, which would turn 
them into RS members. At the same time, the "blue 
cloud" would also get replenished with infalling galax- 
ies from the surrounding field and from the large scal e 
filaments connected to the cluster (|Tanaka et al.l [20061. 
In the end, the result is that the RS becomes extended 
toward fainter magnitudes as time goes by. The bright- 
end builds up first, while fainter regions become progres- 
sively more populated by galaxies migrating from the 
"blue cloud", such as those in region 7/FBRS. This is 
consistent with a number of works u ntil present (e.g., 
iDe Lucia eFaIll2007l: [Stott et al.ll2007H . 

6. CONCLUSIONS 

We have used a set of 134 galaxy spectra of cluster 
members and 5-band photometry to investigate the stel- 
lar population properties of galaxies in the z = 0.84 clus- 
ter RX J0152. 7-1357. This very rich dataset allowed us 
to study the variation of SFHs within the cluster as a 
function of galaxy luminosity, color, morphology, pho- 
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tometric stellar mass, and environment. These physical 
properties are used to define a hyperspace of observables 
in which individual galaxies can be located. By modeling 
both the co-added photometry and spectra inside specific 
regions of this hyperspace, we can obtain useful informa- 
tion to investigate the connection between environment 
and cluster galaxy properties. 

RX J0152.7-1357 is a dynamically young system 
(jGirardi et al.|[2005T) , consisting of two massive substruc- 
tures or subclusters in the process of merging, each of 
them with a core dominated by massive, old early-type 
galaxies. In general, we find correlations of age (Tsfr) 
and final formation lookback time (T — i/i n ) with stellar 
mass (luminosity), color, morphology, and environment, 
the latter characterized by local projected DM density 
and projected location within the main substructures 
(see table H]). 

For passive cluster galaxies in the RS, we find that 
they have formed the bulk of their stars at Zf > 2 and 
stopped the star formation at Zfi n ~ 1. We observe a 
range of these values, with the red bright-end of the RS 
being characterized by Zf ~ 3.5 and Zfi n ~ 2, and the 
blue faint-end by Zf ^2 and zu n ~ 1. In terms of stellar 
mass, the most massive galaxies (> 8.4 x 10 10 M Q ) are 
observed to be ~ 1.5 Gyr older than the less massive 
ones (< 2.7 x 10 10 M Q ) under the assumption of solar 
metallicity for both populations. 

For the most massive (luminous) galaxies in the RS, we 
measure ages > 4.5 Gyr with a short period of residual 
star formation (~ 1.2 Gyr), which suggest a formation 
scenario involving an accelerated SFH and early quench- 
ing of star formation. This evolution may have possibly 
been followed by further mass assembly via dry mergers, 
and appears to be consistent with studies of higher red- 



shift clusters (e.g., Blakeslce et al. 2003b: Holden et al. 


2004 


;lLidman et alj|2004t iMei et al.ll2006aHTanaka et al. 


2008 


)■ 



At the blue faint-end of the RS, however, we find a pop- 
ulation of galaxies that, while now passive, shows sign of 
having only recently (T — t fi n J$ 1 Gyr) stopped forming 
stars. We also used our stellar population modeling to 
discard the presence of dusty star forming galaxies in our 
RS sample. 

While stellar mass roughly follows the projected DM 
density, we find a difference between the age-stellar mass 
and age-environment relations which allowed us to par- 
tially distinguish the effects on the evolution of clus- 
ter galaxies due to the "intrinsic" property of stellar 
mass from those due to the cluster environment. In- 
terestingly, we find that the core of the southern sub- 
cluster is on average ~ 0.5 Gyr younger than that of 
the northern one, co nsistently with the former being a 
less massive system (iDemarco et aL| [2005; Gi rardi et al.l 
[20051 iBlakeslee et al.ll200l ~ 
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In terms of age-sensitive spectral indices, qualitatively 
consistent differences, with respect to those from the 
spectrophotometric analysis, are observed between the 
average galaxy spectrum of the red bright-end and that 
of the blue faint-end of the RS. The observed variations 
of the H6 index with respect to US a and D4000 sug- 
gest the H6 line as an indicator of young stellar popula- 
tions, whenever a significant young stellar component is 
present. However, the use of this line to estimate ages 
associated with a young (~ 1 — 2 Gyr) stellar component 
is not advised unless a good modeling of metal lines and 
abundance ratios is available. 

The general picture emerging from our spectrophoto- 
metric analysis is one where low mass galaxies at the out- 
skirts of the cluster may be transformed from blue, star- 
forming to red, passive galaxies as they fall into the clus- 
ter. The lack of a correlation between the distribution of 
passive systems that recently stopped forming stars and 
the x-ray emission may be interpreted in two ways: i) 
if these galaxies are being observed after their first pas- 
sage through the cluster center, ICM-related interactions 
may be the responsible driver for the quenching of the 
star formation; ii) if these galaxies are first entering the 
cluster environment, the quenching of star formation did 
not occur through interaction with the ICM but rather 
by galaxy-galaxy interactions in the immediate vicinity 
of the cluster or in nearby, inf ailing group, filament or 
field environments. 

The "downsizing" of the star formation in cluster 
galaxies may thus be an environmental effect, with the 
star formation time scale being shorter than the assem- 
bly one (i.e., galaxies migrate from the "blue cloud" to 
the the faint-end of the RS, with most of the mass assem- 
bly happening later along the RS). On the other hand, 
the old age of the brightest early-type galaxies are not 
incompatible with a "monolithic collapse" scenario and 
it is likely that the quenching of star formation happens 
through different mecha nisms according to the epoch and 
the environment (e.g.. ICooper et ail l2007t iFaber et~al"1 
l2007tlRettura et alJl2010D . 
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Star formation histories in a cluster environment at z ~ 0.84 

TABLE 1 

Spectroscopically confirmed cluster members. Error in redshift is 

6z ~ 10~ 3 . 
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.066 


3 


267±0 


.069 





.8472 


1 


258 


28. 


2062 


-13. 


.9752 


19 


,658±0 


042 


3 


772±0 


.045 





8430 





267 


28. 


1665 


-13. 


.9884 


20 


824±0 


074 


3 


345±0 


.091 





8443 


1 


270 


28. 


1657 


-13. 


.9872 


20 


,027±0. 


.053 


4 


007±0 


.071 





8450 


1 


291 


28. 


.1491 


-13. 


.9862 


21 


,081±0. 


081 


3 


347±0 


,080 





.8357 





295 


28. 


1642 


-13 


.9844 


20 


,576±0 


.066 


2 


282±0 


.079 





.8370 


1 


300 


28. 


.1825 


-13. 


9836 


19 


962±0. 


.048 





598±0 


.053 


0. 


.8201 


2 


306 


28. 


2072 


-13. 


9744 


20 


004±0. 


050 


3 


497±0 


.058 


0. 


.8539 


1 


327 


28. 


1677 


-13. 


.9828 


22 


499±0 


151 





484±0 


153 





.8247 


1 


328 


28. 


1958 


-13. 


.9837 


22 


100±0 


.132 


2 


822±0 


142 





8403 





332 


28. 


1654 


-13. 


.9822 


20 


,405±0. 


059 


3 


155±0 


.063 





.8322 





344 


28. 


1585 


-13 


9818 


20 


,829±0 


.071 


3 


189±0 


.071 





.8249 





347 


28. 


1611 


-13 


.9818 


21 


801±0 


.113 


2 


365±0 


.098 





8463 


1 


377 


28. 


.1719 


-13. 


9786 


20 


569±0. 


.064 


3 


045±0 


.073 





8379 


1 


387 


28. 


1653 


-13. 


.9739 


19 


636±0. 


.044 


3 


716±0 


.048 


0. 


.8293 





394 


28. 


1558 


-13. 


.9758 


21 


,253±0 


.089 


2 


818±0 


.098 





8329 


1 


396 


28. 


1467 


-13. 


.9778 


22 


436±0 


154 


2. 


952±0 


137 





8280 





397 


28. 


1687 


-13. 


.9771 


20 


599±0. 


064 


3 


347±0 


.062 





8314 





418 


28. 


1622 


-13 


.9754 


20 


396±0 


.059 


3 


587±0 


.060 





8299 





432 


28. 


2202 


-13 


.9732 


20 


.453±0 


061 


3 


327±0 


.070 





8526 





436 


28. 


.1534 


-13. 


.9742 


21 


,092±0. 


.082 


3 


106±0 


.080 





.8370 





439 


28. 


1659 


-13. 


.9733 


19 


556±0 


.049 


3 


604±0 


.070 





8294 





445 


28. 


1798 


-13. 


.9728 


20 


,225±0 


.054 


3 


221±0 


.057 





8270 





455 


28. 


.1681 


-13. 


.9730 


21 


413±0. 


.094 


3 


360±0 


.082 





8295 





468 


28. 


1693 


-13. 


.9707 


19 


,757±0. 


.044 


3 


492±0 


.053 





8272 





474 


28. 


1660 


-13 


.9715 


21 


676±0 


.105 


3 


019±0 


104 





8235 





477 


28. 


1686 


-13. 


9700 


21 


069±0. 


.081 


3 


370±0 


.077 





.8306 





491 


28. 


.1742 


-13. 


9703 


20 


,974±0. 


.076 


2. 


989±0 


.068 





.8278 





498 


28. 


1647 


-13. 


9689 


20 


,774±0 


071 


3 


041±0 


.086 





8258 





509 


28. 


1644 


-13. 


.9684 


20 


.713±0 


070 


3 


470±0 


.075 





8670 





511 


28. 


1492 


-13. 


.9689 


21 


,782±0. 


111 


2 


835±0 


.092 





.8362 





513 


28. 


1679 


-13 


.9680 


20 


.504±0 


062 


3 


284±0 


.062 





.8275 





522 


28. 


2046 


-13 


9674 


21 


,545±0 


.105 


1 


536±0 


.117 





8489 


1 


543 


28. 


2125 


-13. 


9647 


19 


,267±0. 


.035 


3 


389±0 


.044 





.8397 





547 


28. 


.1743 


-13. 


9660 


20 


,377±0. 


.058 


3 


626±0 


.060 





8460 





548 


28. 


1787 


-13. 


.9652 


20 


,292±0 


.056 


3 


354±0 


.058 





.8371 





551 


28. 


1509 


-13. 


.9634 


19 


.711±0. 


043 


3 


525±0 


.050 





8362 


1 


557 


28. 


1660 


-13. 


.9613 


18 


555±0. 


025 


3 


246±0 


.026 





.8672 


2 


571 


28. 


1766 


-13 


.9639 


20 


051±0 


.051 


3 


494±0 


.060 





8444 





595 


28. 


1839 


-13 


9629 


20 


,880±0 


.073 


3 


122±0 


.074 





.8377 





598 


28. 


1666 


-13. 


9616 


19 


,004±0. 


032 


3 


594±0 


.044 





.8315 





626 


28. 


1807 


-13. 


.9288 


20 


,897±0 


.073 


2 


889±0 


.071 





8206 





648 


28. 


1874 


-13. 


.9432 


21 


,435±0 


.095 


3 


022±0 


.098 





8461 





650 


28. 


1558 


-13. 


.9431 


20 


524±0. 


.063 


2 


197±0 


.077 





.8671 


1 


654 


28. 


1902 


-13 


.9442 


19 


738±0 


043 


3 


634±0 


.050 





.8457 





663 


28. 


1869 


-13 


9439 


21 


583±0 


.101 


3 


117±0 


.087 





8302 





679 


28. 


1911 


-13. 


9496 


18 


613±0. 


.026 


3 


595±0 


.035 





8342 





682 


28. 


1514 


-13. 


9477 


22 


,848±0. 


.172 


2 


907±0 


.150 





.8297 





688 


28. 


1817 


-13. 


.9488 


19 


.812±0 


045 


3 


419±0 


.056 





8339 





701 


28. 


1876 


-13. 


9509 


18 


,817±0. 


.029 


3 


506±0 


.036 





8352 





735 


28. 


.1454 


-13. 


.9527 


22 


.811±0. 


.177 


2 


574±0 


.164 





.8311 


1 


805 


28. 


1467 


-13 


.9604 


21 


,783±0 


.115 


2. 


423±0 


116 





8348 





811 


28. 


2092 


-13 


9610 


21 


306±0 


.089 


2 


820±0 


.089 





8476 


1 


851 


28. 


1589 


-13 


9270 


19 


861±0. 


.046 


2 


923±0 


.055 





.8360 


1 
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TABLE 1 — Continued 



ID 


R.A. (dcg) 


DEC. (deg) 




K s ,Tot 


»*625 - K s 




z 


E.L. 


859 


28. 


1566 


-13. 


.9084 













.8402 





868 


28. 


1953 


-13. 


.9088 













8297 


1 


889 


28. 


1738 


-13 


.9090 













.8322 





895 


28. 


1706 


-13 


9097 













8668 





898 


28. 


1735 


-13. 


9094 


14 


.416±0. 


.001 


8.727±0.016 





.8300 


1 


928 


28. 


1812 


-13. 


.9117 


20 


836±0 


.072 


3.264±0.070 





8319 





931 


28. 


2105 


-13. 


9533 


21 


139±0. 


082 


3.086±0.088 





.8349 





1006 


28. 


.1742 


-13. 


.9184 


24 


826±0. 


.625 


1.222±0.316 





8485 


1 


1067 


28. 


1658 


-13. 


.9223 


22 


360±0. 


.145 


2.956±0.136 





8312 





1099 


28. 


1999 


-13 


.9253 


21 


175±0 


084 


2.605±0.098 





8230 





1102 


28. 


.1850 


-13. 


.9243 


22 


094±0. 


.128 


2.743±0.121 





8342 





1112 


28. 


1486 


-13. 


9293 


24 


114±0. 


.492 


0.648±0.446 


0. 


.8666 


1 


1131 


28. 


1567 


-13. 


.9279 


24 


,444±0 


.423 


0.945±0.290 





8237 


1 


1132 


28. 


.1714 


-13. 


.9278 


20 


973±0. 


.076 


3.232±0.074 





8259 





1146 


28. 


1654 


-13 


.9300 


22 


606±0 


.169 


1.583±0.165 





8641 


1 


1151 


28. 


1817 


-13 


9313 


20 


912±0 


074 


3.223±0.075 





8330 





1172 


28. 


1562 


-13 


.9304 


19 


571±0 


040 


3.143±0.046 





8373 





1184 


28. 


1855 


-13. 


9316 


19 


987±0. 


.048 


3.380±0.055 





.8288 





1204 


28. 


1763 


-13. 


.9335 


20 


,739±0 


068 


3.234±0.074 





8416 





1225 


28. 


1820 


-13. 


.9342 


21 


,347±0. 


.090 


3.008±0.078 





8399 





1226 


28. 


1503 


-13. 


.9348 


20 


323±0. 


058 


3.109±0.062 





8310 





1238b 


28. 


.1576 


-13. 


.9356 


25 


.223±0. 


.535 


1.873±0.439 





8456 


1 


1239 


28. 


1507 


-13 


9355 


19 


184±0 


.034 


3.179±0.041 





8650 





1246 


28. 


1688 


-13 


.9360 


21 


,620±0 


.103 


2.903±0.094 





8306 





1258 


28. 


1587 


-13. 


9410 


19 


162±0. 


.034 


3.381±0.044 





.8394 


1 


1278 


28. 


1768 


-13. 


.9383 


19 


,340±0 


.036 


3.435±0.042 





8215 





1290 


28. 


.2201 


-13. 


.9398 


20 


390±0. 


060 


2.217±0.070 





8416 


1 


1316 


28. 


.1654 


-13. 


.9416 


21 


579±0. 


.102 


2.472±0.104 





.8456 


1 


1338 


28. 


1605 


-13 


.9425 


20 


074±0 


053 


3.307±0.063 





8331 





1356 


28. 


1888 


-13 


9435 


21 


.157±0 


.083 


2.977±0.089 





8290 





1367 


28. 


1501 


-13. 


9422 


20 


,288±0. 


.056 


3.265±0.064 


0. 


.8352 





1383 


28. 


1951 


-13. 


.9471 


22 


,274±0 


139 


2.969±0.119 





8334 


1 


1386 


28. 


1909 


-13. 


.9459 


20 


,179±0 


.053 


3.399±0.060 





8388 





1442 


28. 


.1791 


-13. 


.9595 


19 


,358±0. 


.036 


3.552±0.044 





8318 





1454 


28. 


.1791 


-13. 


.9572 


21 


,707±0. 


111 


2.720±0.118 





.8452 





1465 


28. 


1807 


-13 


.9572 


19 


901±0 


.048 


3.595±0.053 





8365 





1466 


28. 


1824 


-13. 


9552 


19 


119±0 


.035 


3.448±0.045 





8395 





1467 


28. 


1829 


-13 


9554 


19 


,147±0. 


.034 


3.413±0.041 


0. 


.8412 





1483 


28. 


1974 


-13. 


9550 


21 


,174±0 


084 


3.254±0.084 





.8415 





1496 


28. 


1439 


-13. 


.9782 


20 


,280±0 


056 


3.633±0.061 





8300 





1499 


28. 


.2124 


-13. 


.9583 


21 


,229±0. 


086 


3.123±0.075 





8462 





1500 


28. 


2131 


-13. 


.9576 


19 


353±0. 


036 


3.142±0.045 





.8477 





1501 


28. 


2167 


-13 


.9707 


19 


,244±0 


.034 


3.408±0.044 





8473 





1514 


28. 


1352 


-14. 


.0084 













8264 





1530 


28. 


2126 


-14 


0052 













8367 


1 


1532 


28. 


1837 


-14 


.0110 


21 


.313±0 


001 


1.884±0.016 





8413 


1 


3013 


28. 


1286 


-13. 


.9623 


12 


764±0 


001 


12.314±0.051 





8224 


1 


3014 


28. 


1263 


-13. 


.9535 


11 


339±0. 


.001 


10.233±0.008 





.8474 


1 


3015 


28. 


2320 


-13 


9473 













.8457 





5004 


28. 


1303 


-13 


9461 


23 


131±0 


084 


1.743±0.093 





8292 


1 


5010 


28. 


1423 


-13. 


9383 


22 


933±0. 


.209 


2.011±0.221 





.8691 


1 


5011 


28. 


1434 


-13. 


.9383 


23 


,142±0. 


.231 


1.453±0.234 





8691 


1 


5015 


28. 


2067 


-13. 


.9774 


21 


.081±0 


080 


3.189±0.083 





8460 





5020 


28. 


2252 


-13. 


.9800 


19 


,967±0. 


.052 


2.849±0.063 





8387 


1 


5027 


28. 


1986 


-14. 


.0130 













.8381 


1 


5034 


28. 


1817 


-13 


.9774 


22 


.434±0 


.149 


2.974±0.149 





8304 





5042 


28. 


1825 


-14. 


.0094 













8287 


1 


5049 


28. 


1794 


-13. 


9080 













.8447 


1 


5063 


28. 


1954 


-13. 


.9024 













8402 
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TABLE 2 

Regions in color-magnitude space within the RS a , morphology 11 , stellar mass c , projected dark matter density 11 and 

LOCATION WITHIN THE CLUSTER USED TO GROUP GALAXIES FOR STACKING. 



Reg ID Region Definition Comments 



1 18.5 < Ks < 20.2 A 2.3 < r - Ks < 4.5 Bright-end red-sequence (BRS) 

2 20.2 < Ks < 21.1 A 2.3 < r — Ks < 4.5 "Middle" red-sequence (MRS) 

3 21.1 < Ks < 23.0 A 2.3 < r — Ks < 4.5 Faint-end red-sequence (FRS) 

4 2.3 < r ~ Ks < -0.22Ks + 7.65 A 18.5 < Ks < 20.75 Bright, blue red-seq. (BBRS) 

5 r- Ks> -0.22Ks + 7.65 A r - Ks < -0.22Ks + 7.85 A 18.5 < Ks < 20.75 Bright, green red-seq. (BGRS) 

6 r — Ks > —0.22Ks + 7.85 A 18.5 < Ks < 20.75 Bright, red red-seq. (BRRS) 

7 2.3 <r~Ks< -0.22Ks + 7.65 A 20.75 < Ks < 23.0 Faint, blue red-seq. (FBRS) 

8 r- Ks> -Q.22Ks + 7.65 A r — Ks < -0.22K s + 7.85 A 20.75 < Ks < 23.0 Faint, green red-seq. (FGRS) 

9 r- Ks> -0.22Ks + 7.85 A 20.75 < Ks < 23.0 Faint, red red-seq. (FRRS) 

10 T < —2 Elliptical (E) 

11 -2 < T < 1 Lenticular (SO/Sa) 

12 1 < T < 6 Spiral (Sp) 

13 6 < T Irregular (Irr) 

14 8.4 X 10 10 M Q < M» < 3.9 X 10 n M Q A 2.3 < r — Ks < 4.5 Red-sequence high-mass (RSHM) 

15 2.7 X 10 10 M Q < Af» < 8.4 X 10 10 M Q A 2.3 < r - Ks < 4.5 Red-sequence medium-mass (RSMM) 

16 4.8 X 1O 9 M < M, < 2.7 X 10 10 M o A 2.3 < r — Ks < 4.5 Red-sequence low-mass (RSLM) 

17 S DM > 20 X a DM c High local mass density (HDMD) 

18 5 X (tdm < £dai < 20 X (Tdm 1 Medium local mass density (MDMD) 

19 Sjjin < 5 X Y.£>M i Low local mass density (LDMD) 

20 R<1'.0, North Central sector, north (NO) 

21 l.'O < R < 2.'0, North First sector, north (Nl) 

22 2.'0 < R < 3.'0, North Second sector, north (N2) 

23 R<1'.0, South Central sector, south (SO) 

24 l.'O < R < 2.'0, South First sector, south (SI) 

25 2.'0 < R < 3.'0, South Second sector, south (S2) 



a Regions ID 1 to 9 

b Regions ID 10 to 13. Morphological types from Postman ct al. ( 2 005) 
c Regions ID 14 to 16. Stellar masses from SED fitting (see section i|3.4H 

Regions ID 17 to 19. Lo cal dark matter density map fr omlJee et al.l (2005) 
c o-dm = 0.0057 X S c (see lJee et aT1 l2005: Blakcslcc ct al. 2006) 
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TABLE 3 
Definitions of spectral indices. 



Index Line window (A) Blue-continuum window (A) Red-continuum window (A) Reference 



EW(H6) 


3868.00 - 


3908.00 


3854.00 - 


3866.00 


3910.00 - 


3922.00 


This work 


EW(H<5 A ) 


4083.50 - 


4122.25 


4041.60 - 


4079.75 


4128.50 - 


4161.00 


Worthev & Ottaviani f 19971 


EW([OH]) 
D4000 a 


3716.30 - 


3738.30 


3696.30 - 


3716.30 


3738.30 - 


3758.30 


Tran et al. ( 20031 






3850.00 - 


3950.00 


4000.00 - 


4100.00 


Balogh et alTfl999l 


EW(CN3883) 


3780.00 - 


3900.00 


3760.00 - 


3780.00 


3900.00 - 


3915.00 


Davidge fc Clark (19941 


EW(CN 2 ) 


4143.38 - 


4178.38 


4085.12 - 


4097.62 


4245.38 - 


4285.38 


Worthev et al. (19941 


EW(Fe4383) 


4370.38 - 


4421.62 


4360.38 - 


4371.62 


4444.12 - 


4456.62 


Worthev et al. (1994) 


EW(C4668) b 


4635.25 - 


4721.50 


4612.75 - 


4631.50 


4744.00 - 


4757.75 


Worthev et al. (19941 



a Also referred to as D„ (4000) (see IKauffmann et al.ll2003T ) 
C4668=Fe4668 (see IWorthev et~aT][l995l 1 



Star formation histories in a cluster environment at z ~ 0.84 



TABLE 4 

Star formation history (SFH) parameters and stellar masses from best-fit model spectrum according to 

regions in the rs a , morphology 1 ", stellar mass c , local dark matter density^ , and location within the 
cluster. See Table [5] for the definitions of the regions used for co-adding spectra. Columns, from left 
to right, are mean star-formation- weighted age, formation redshift, final formation lookback time from 

2 = 0.837, and final formation redshift. 

Reg ID N stack B S/N f T SF R (Gyr) z f T-t ft „(Gyv) z fm M, (xlO n Af ) Comment 

3^ 3^ BRS 

±8:1 2.5lJ;» 2.2±H lAtt 0.8^;° MRS 

±i:8 i.9±g : » n±S:2 i.i±° : ; o.4+gj frs 

tg:5 2-6±8:S 2.3^^ i. 5 ±°i i.7i? ; 2 4 bbrs 

tj-g 3.3±i° 3.2±i"S 1.0tJ° 8 1.6±i'J BGRS 

±° : * 3.5^'? 2.liJ 6 5 1.5±^ BRRS 

±i:2 i-8±8i2 o.7t$ i.ot°* o. 3 ±°;i fbrs 

±8:S 2-i±i:2 i-b±8:| i-2±g : ? o. 5 ±^ fgrs 

t°;» 2.7±-l 2.4±i;S 1.5±S;i O.B±8;| FRRS 

+0.9 n 1+5.5 , n +l.e 1 o+2. 7 1 0+1.4 rp 

— 1.0 d - i -o.9 d - u -l.l - L -°-o.4 ^-o.s ^ 

±?; 9 o 2.7tJ:I 2.4±i.S 1.5±S:§ 0.7± ;„ S0/Sa 

+0.6 9 i+0.4 „ ,+0.1 nt) +0.0 fl/1+ -5 D_ 

-0.8 A1 -o.4 u - d -o.o u - y -o.o u - 4 -o.4 b P 

+0.6 , O+0.3 n ,+0.0 ft n+0.0 n9 +0.3 t 

— 0.9 • L ' 8 -0.4 U-L-O.O U - 9 -0.0 U -^-0.1 111 

t° i 3A -l°o 3 - 2 ±i1 l.»±J°8 1-9±?1 RSHM 

±*g 2.5±$ 2.2±^ g 1.4±g 0.8±$ RSMM 

± :°9 i.s±s5 i-2±g:S i-i±8:f °-*±8:§ *slm 

to.9 3.4tJ° 3.3±l;t 2.0tJ° 5 1.7±i;l HDMD 
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3.1; 


25 


11 


24.7 


3.0 



Note. — Individual spectra have been weighted when co-added. 
a Regions ID 1 to 9 

Regions ID 10 to 13. Morphological types from Postman ct al. (2005) 
c Regions ID 14 to 16. Stellar masses from SED fitting (sec section 

Regions ID 17 to 19. Local dark matter density map from Jcc ct al. (2005) 
c Only spectra with a signal-to-noisc greater than 3 have been co-added 

^ Signal-to-noise measured within the wavelength interval defining the continuum windows for the H<5 feature 
No 3er intersection. Errors from stackcd-spcctrum only 
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TABLE 5 

Spectral indices from co- added spectra according to regions in color-magnitude space 3 -, morphology' 3 , 
stellar mass c , and local dark matter density d , and location within the cluster e . see table [2] for the 
definitions of the regions used for co-adding spectra. 



Reg ID 


EW([OII]) 




D4000 


EW(H6) 


EW(H5 A ) 


EW(CN3883) 


EW(Fe4383) 


EW(C4668) 


1 


-0.27 ± 0.55 


1 


.74 ± 0.01 


2.00 ± 0.96 


0.80 ± 0.20 


10.76 ± 2.08 


3.01 ± 0.46 


5.56 ± 0.83 


2 


2.61 ±0.55 


1 


.72 ±0.01 


3.59 ±0.58 


1.95 ±0.26 


15.55 ± 1.66 


4.85 ±0.96 


4.43 ± 1.06 


3 


-3.61 ± 1.45 


1 


.52 ± 0.02 


3.19 ± 1.99 


-0.26 ± 0.53 


24.22 ±4.25 


3.48 ± 1.25 


8.08 ± 1.48 


4 


-0.07 ± 0.56 


1 


.73 ± 0.02 


3.14 ± 0.77 


0.29 ± 0.36 


19.40 ± 1.27 


3.71 ± 0.50 


5.33 ± 0.94 


5 


-0.39 ±0.59 


1 


.71 ±0.01 


2.11 ±0.68 


0.75 ±0.20 


8.94 ±2.45 


3.06 ± 0.70 


6.52 ± 1.09 


6 


2.28 ± 0.62 


1 


.82 ± 0.02 


2.87 ± 1.20 


1.59 ± 0.39 


22.28 ± 2.10 


4.75 ± 1.12 


4.87 ± 1.88 


7 


-2.16 ± 0.77 


1 


.46 ± 0.01 


5.87 ±0.49 


3.33 ± 0.29 


7.96 ± 2.98 


0.66 ± 0.62 


2.98 ± 1.78 


8 


-1.88 ± 1.55 


1 


.66 ± 0.04 


2.28 ± 1.73 


-1.62 ± 0.75 


26.55 ± 3.49 


4.64 ± 2.41 


9.23 ± 1.99 


9 


1.44 ±0.61 


1 


.63 ±0.02 


3.19 ± 1.08 


-0.34 ±0.35 


21.51 ±2.28 


5.52 ±0.88 


1.72 ± 1.30 


10 


1.07 ± 0.61 


1 


.71 ± 0.01 


3.06 ± 0.64 


1.31 ±0.21 


14.68 ± 1.61 


3.27 ±0.70 


2.46 ± 0.72 


11 


-2.35 ± 0.45 


1 


.61 ± 0.01 


3.67 ±0.91 


0.56 ± 0.22 


4.61 ± 2.45 


1.43 ± 0.85 


5.88 ± 0.89 


12 


-22.63 ±0.63 


1 


.23 ± 0.01 


4.25 ± 0.55 


3.65 ± 0.38 


-2.66 ± 2.68 


0.10 ± 0.44 


5.66 ± 0.77 


13 


-30.56 ±0.46 


1 


.15 ±0.01 


6.50 ±0.37 


4.69 ±0.45 


4.26 ± 2.00 


0.38 ±0.29 


22.63 ± 5.77 


14 


-0.27 ±0.54 


1 


.74 ±0.01 


2.03 ± 0.96 


0.79 ±0.21 


10.75 ± 2.09 


3.29 ±0.52 


6.37 ±0.83 


15 


2.83 ± 0.44 


1 


.67 ±0.01 


3.89 ± 0.46 


0.23 ±0.24 


15.21 ± 1.30 


3.37 ±0.59 


7.98 ±0.81 


16 


1.60 ±0.72 


1 


.58 ±0.01 


5.03 ± 0.75 


2.34 ±0.24 


12.64 ±2.31 


3.89 ± 0.73 


1.15 ± 0.81 


17 


2.70 ±0.43 


1 


.74 ±0.01 


3.01 ±0.71 


-0.94 ±0.16 


19.48 ± 1.58 


3.91 ±0.48 


1.44 ±0.75 


18 


-5.38 ±0.62 


1 


.62 ±0.01 


3.42 ± 0.64 


1.24 ±0.28 


3.53 ±2.21 


3.28 ±0.74 


6.24 ± 0.79 


19 


-10.86 ±0.44 


1 


.38 ±0.01 


5.00 ± 0.62 


3.06 ±0.23 


-3.09 ±2.30 


0.67 ±0.40 


9.28 ± 1.06 


20 


0.06 ±0.51 


1 


.72 ±0.02 


2.99 ± 0.62 


-1.08 ± 0.33 


15.92 ± 1.23 


2.32 ± 0.63 


5.53 ± 0.58 


21 


-11.47 ±0.45 


1 


.49 ±0.01 


4.82 ± 0.73 


0.26 ±0.24 


12.58 ±2.12 


3.20 ± 0.49 


4.74 ± 0.93 


22 


-11.24 ±0.37 


1 


.46 ±0.01 


4.18 ±0.54 


3.92 ± 0.20 


14.79 ± 1.64 


1.13 ±0.53 


5.79 ±0.29 


23 


0.61 ±0.42 


1 


.65 ±0.01 


3.78 ±0.63 


-0.11 ± 0.19 


15.98 ± 1.52 


2.37 ±0.47 


6.69 ± 0.70 


24 


-12.98 ±0.56 


1 


.42 ±0.01 


4.86 ±0.58 


2.92 ±0.33 


-0.68 ±2.30 


3.48 ± 0.68 


13.05 ± 2.23 


25 


-9.23 ±0.65 


1 


.36 ± 0.02 


6.04 ±0.58 


3.39 ±0.43 


-4.80 ±3.07 


0.38 ±0.72 


3.64 ± 1.18 



Note. — Individual spectra have been weighted when co-added. Equivalent widths (EW) are in units of Angstroms 
a Regions ID 1 to 9 

Regions ID 10 to 13. Morphological types from [Postman ct al. (2005) 
c Regions ID 14 to 16. Stellar masses from SED fitting (sec section ^3.4[ l 

Regions ID 17 to 19. Local dark matter density map from Jcc ct al. (2005) 
c Regions ID 20 to 25 
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Fig. 1. — Band-pass filters used in this work to select red-sequence galaxies. As a reference, a simple stellar population, 12 Gyr old, 
solar metallicity spectral energy distribution from the Bruzual-Charlot (Bruzual & Chariot 2003) library, redshifted to the cluster redshift 
[z = 0.837), is shown. The chosen filters straddle the rest-frame 4000A-break (vertical, dashed line) and the K s band provides coverage of 
the spectrophotometric region dominated by the bulk of the stellar content in early- type galaxies. 
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18 19 20 21 22 23 24 

Ks (AB) 

Fig. 2. — Definition of regions in color-magnitude space used to stack spectra within the red-sequence (RS). The horizontal dashed line 
has arbitrarily been set at rg25 — Ks = 2.3 to separate blue from red galaxies. We consider galaxies with a re25 — Ks > 2.3 color as galaxies 
within the cluster RS. The vertical dashed line has arbitrarily been set to Ks = 20.75 (~ K* + 1) to divide the RS into "bright" and 
"faint" bins. The RS is thus divided into 3 bright and 3 faint regions. The three bright regions, named 4/BBRS, 5/BGRS and 6/BRRS, 
are defined in tablefS] The three faint regions, 7/FBRS, 8/FGRS and 9/FRRS, are also defined in table[2] The fit to the red sequence is 
indicated by the solid black line, while the dot-dashed black lines are at ±0.1 in (r@25 — Ks) from the fit. The cross at the lower-left of the 
plot indicates typical error bars in magnitude and color. Red circles correspond to passive cluster members, black triangles correspond to 
star-forming members, and the two blue squares are the confirmed AGN members. The black dots are sources within the ACS mosaic for 
which photometric information is available. Star formation histories within these regions allows us to study variations of the stellar content 
of cluster galaxies as a function of galaxy color and luminosity. 
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Fig. 3. — Regions used to co-add spectra according to the projected angular distribution of the galaxies. Because of the complex structure 
of RX J0152. 7-1357, composed of two central clumps likely in the process of merging, we have denned a set of regions that take into account 
the existence of both sub-clusters. The cluster field of view is separated in two halves at a fiducial central point, as indicated by the 
horizontal dashed line. Then we define two groups of concentric (semi-)annuli (solid contours) centered at each clump, however, truncated 
at the separation half-way between them. Sectors associated with the northern clump (20/NO through 22/N2) are labeled as "North", 
while those associated with the southern clump (23/SO through 25/S2) are labeled as "South". The background image corresponds to the 
ACS 5'8 X 5.'8 central mosaic, complemented by 7 ACS flanking fields subsequently obtained in V (F606W) and I (F814W). 
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Fig. 4. — Mass density environments defined from the re map of RX J0152. 7-1357 ijjee et al.H2005IV Because of the sheet-mass degeneracy, 
we use this map in a relative sense only, during the interpretation of the results. The smoothing scale of the map is ~ 20", and its accuracy, 
about 20%. Three different environments are arbitrarily identified. The first of them is characterized by mass densities > 20 X oqm 
(solid contours), with ctdm = 0.0057 X S c , being S c ~ 365OA/0 pc~ 2 the critical mass density of the cluster (Blakcslcc et al. 2006). 
The k value around the two brightest central galaxies of the northern clump (the cluster center adopted in Jcc et al. 2005) is ~0.3. The 
second one is that containing mass densities between 5 (dashed contours) and 20 times ctdm, while the last of the three encompasses mass 
densities < 5 X &DMi reaching negative values in some areas. These three environments correspond to regions 17/HDMD, 18/MDMD, 
and 19/LDMD, respectively, as presented in table [2] The distribution of spectroscopic members is indicated by the symbols. Members 
in the highest density regions are indicated as squares; members in the intermediate density regions, as triangles; and members in the 
lowest density environments, as upside-down triangles. For comparison, we also show the horizontal dashed line in Fig. [3] that contains 
the mid-point between the two main central sub-clusters. The background image shows the ACS data, 7.'2 a side and centered at the two 
brightest central galaxies of the northern clump. 
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Fig. 5. — The resulting stacked spectrum of galaxies for hyperspace r egio ns 1/BRS through 13/Irr (as defined in table[2} is shown as a 
black line. The "best-fitting" spectrophotometric model (as defined in i|3.4H is sh own as the blue line, while the minimum and maximum 
fitting flux values within the intersection of the 99.7% confidence regions (see i|3.4|l . and as a function of wavelength, are represented 
by the green lines. R elative flux is in arbitrary units and all the spectra are shown redshifted to the mean cluster redshift, z = 0.837 
(Demarco et al. 2005). In order to visualize the correlation between H6 and other Balmer features such as H<5 and H7, the vertical dashed 
lines indicate the location of these features from left to right, respectively. 




Fig. 6.— 



As in Fig. [5] but here for hyperspace regions 14/RSHM through 25/S2. 
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Fig. 7. — SFHs for galaxies in the RS as a function of K s brightness and r^25 — K 3 color. Results from the three-bin partition (regions 
1/BRS through 3/FRS) are shown in panels (a) and (c). Results from the finer RS partition (regions 4/BBRS through 9/FRRS) are shown 
in panels (b) and (d). For clarity, bins in the bright half of the red-sequence (BRS) and in the faint half of the red-sequence (FRS) are 
shown in red and blue, respectively. The dashed lines are the best linear fits to the data points considering error bars. On average, galaxies 
in the brighter and redder RS bins are older and also display shorter periods of active star formation, i.e., longer T — tfi n lookback times 
(see fl4,l.ll for details). 
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Fig. 8. — SFHs of passive RS galaxies as a function of average stellar mass, M^^sed, for the three mass bins, 14/RSHM, 15/RSMM and 
16/RSLM. Average stellar mass is obtained by averaging the individual stellar masses of galaxies in each bin, and the corresponding error 
bars are calculated as the standard error. The dashed lines represent linear fits to the data taking into ac count error bars. Lower stellar 
mass bins tend to have, on average, younger ages and more extended periods of active star formation (see £|4,1.2l for details). 
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Fig. 9. — SFHs of cluster galaxies as a function of local projected DM density, T,om, for the three bins, 17/HDMD through 19/LDMD. 
The dashed lines represent linear fits to the data taking into account error bars. The results are consistent with each other within the errors. 
On average, the bulk of the stars in cluster galaxies were formed at roughly the same time, zt ~ 2.6 which corresponds to a T^fr ~ 3.8 
Gyr. However, galaxies in the lowest DM density environment (19/LDMD) form stars down to ~ 0.8 Gyr prior to the epoch of observation 
(z = 0.837), whil e the average galaxy in the highest density region (17/HDMD) stopped forming stars ~ 3.2 Gyr prior to the epoch of 
observation (see £|4.1,3|1 . 
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Fig. 10. — SFHs of cluster galaxies as a function of radial distance from the center of each of the two main subclusters, as defined in 
tablef3] Red points correspond to regions 20/NO through 22/N2 in the northern subcluster while blue points correspond to regions 23/SO 
through 25/S2 in the southern subcluster. The corresponding linear fits are shown as dashed red and blue lines. Although not statistically 
significant, there is some indication that the central regi on of the northern subcluster is slightly older and has stopped forming stars earlier 
than the central region of the southern subcluster (see !|4.1.3t . 
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Fig. 11. — Median SFHs of the best- fitting models of the spectrophotometric data of non-[OII] galaxies in the stellar mass-selected regions, 
14/RSHM through 16/RSLM (left), and local dark matter density regions, 17/HDMD through 19/LDMD (right). The bottom axis shows 
the cosmic time t and the top axis shows the corresponding redshift. High mass galaxies and those in the highest density environments 
have formed the bulk of their stars at z > 3 and stopped their star-forming activity at z ~ 2 altogteher, with the most massive galaxies 
(> 8 X 10 10 Mq) being ~ 1 Gyr older than the less massive ones (3 X 10 Mq). These ages suggest a formation scenario involving an 
accelerated SFH and early quenching of star formation. 
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Fig. 12. — Distribution of spectral indices for galaxies in the red-sequence. Red circles correspond to regions in the bright half of the RS 
while blue circles correspond to regions in the faint half. Only passive galaxies, i.e., galaxies with no detectable [Oil] in emission, have been 
stacked in each region. In general, notable deviations (> 2u) of region 7/FBRS with respect to the brightest and reddest region (6/BRRS) 
in the red-sequence can be seen for most of the indices shown. 
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Fig. 13. — Distribution of spectral indices for galaxies grouped according to local environment. The latter is characterized in three different 
ways: projected DM density (black circles), ang ular distribution in the northern subcluster (blue squares), and angular distribution in the 
southern subcluster (red squares), as defined in i|3.2l (sce tabled . All (passive and star- forming, but no AGN) galaxies have been stacked in 
each region. Clear trends of the age-sensitive indices with environment are observed. Hi5a and H6 increase, on average, toward the outskirts 
of the subclustcrs and with decreasing projected DM density, while the opposite trend is observed for the D4000 index. As opposed to the 
EW(C4668), the EW(CN3883) and EW(Fe4383) show a notable decrease toward lower DM density regions. Gradients with radial distance 
are only notable for the CN3883 and Fe4383 indices depending on the substructure. 




Fig. 14. — Angular distribution of passive cluster members. The background image in each panel shows the same ACS data, 7'2 a side 
and centered at the two brightest central galaxies of the northern clum p, as in F ig. [3] The left panel shows the same dark matter density 
contours of Fig. [4] The right panel shows X-ray Chandra contours (see|Demarco ct al. 2005|). The dashed contour indicates the 3-c level 
and the solid contours are the 10, 20 and 30-tr levels. The color symbols are the same for both panels. Red squares and blue triangles 
correspond to red-sequence passive members in regions 6/BRRS and 7/FBRS, respectively. The circles correspond to RS passive members 
grouped by stellar mass: red, white and blue symbols are galaxies within regions 14/RSHM, 15/RSMM and 16/RSLM, respectively, as 
defined in table [2] Clearly, less massive galaxies prefer lower density environment in the same way as the faintest and bluest galaxies in 
the red-sequence do. 



